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Introduction

POLYGLUTAMINE DISORDERS

The polyglutamine disorders are a group of 9 hereditary neurodegenerative disorders in which
symptoms generally present around midlife. The disorders are caused by a similar type of
genetic change, namely an abnormal expansion of a CAG repeat in the coding region of a gene .
The CAG repeat is translated into an expanded polyglutamine (polyQ) stretch in the protein and
these disorders were hence termed polyQ disorders. The CAG expansion underlying the polyQ
disorders occur in 9 otherwise unrelated genes, and the repeat lengths that result in disease vary
between the different polyQ disorders (Table 1). There is however, in all cases, a clear correlation
between the length of the CAG repeat and the age of onset of a polyQ disorder % The involved
proteins in which polyQ expansion is present are mostly ubiquitously expressed in all cells, but
clinical features such as age of onset and most severely affected brain regions differ between

the polyQ disorders. The research in this thesis is focused primarily on spinocerebellar ataxia

type 3.

Table 1. Polyglutamine disorders (adapted from Riley and Orr?)

Wild-type
Gene protein mass allele repeat Mutant allele

Disease Phenotype locus Protein (kDa) length repeat length
SBMA Proximal Xqll-12 Androgen 99.2 6-39 40-63

muscle atrophy receptor
HD Psychiatric, cognitive, 4p16.3  Huntingtin 347.6 6-34 36-121

motor abnormalities
SCA1l Ataxia 6p22-23 Ataxin-1 86.9 8-44 39-83
SCA2 Ataxia 12q23-24 Ataxin-2 140.3 13-33 32-77
SCA3/MJD Ataxia 14q24-31 Ataxin-3 41.8 12-40 54-89
SCA6 Ataxia 19p3 CACNAIA 282.4 4-18 19-33
SCA7 Ataxia, retinal 3pl2-21 Ataxin-7 95.5 4-35 37-306

degeneration
SCA17 Ataxia 2ql3 TATA-BP  37.7 29-42 47-55
DRPLA Epilepsy, 12q Atrophin-1 125.4 6-36 49-84

ataxia, dementia

DRPLA: Dentatorubral-pallidoluysian atrophy, HD: Huntington’s disease, SCA: spinocerebellar ataxia, SBMA: Spinal
and bulbar muscular atrophy.

The 9 polyQ disorders are all caused by a polyglutamine repeat expansion in proteins that are
expressed ubiquitously throughout the brain. Yet, the most severely affected brain regions and
symptoms vary substantially between the disorders.
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SPINOCEREBELLAR ATAXIA TYPE 3
Spinocerebellar ataxia type 3 (SCA3), or Machado-Joseph disease (MJD)*, is the most common

spinocerebellar ataxia > ¢ and the second most common polyglutamine (polyQ) disease after
Huntington’s disease (HD) 7. Similar to the other polyQ disorders, SCA3 is inherited in an
autosomal dominant fashion %, is neurodegenerative and ultimately fatal. There are currently
only therapeutic strategies to alleviate the symptoms, but not to counteract disease progression °.
SCA3 is clinically heterogeneous, with the main feature being progressive ataxia that can
affect balance, gait and speech. Other frequently described symptoms include pyramidal signs,
progressive external ophthalmoplegia, dysarthria, dysphagia, rigidity, distal muscle atrophies
and double vision ® 2, These symptoms usually start around midlife, with the exact age of
onset being variable. Neuropathological studies have detected widespread neuronal loss in
the cerebellum, thalamus, midbrain, pons, medulla oblongata and spinal cord of SCA3 patients,
as reviewed by Riess et al . Also, peripheral neuropathy with axonal and demyelinating
characteristics were observed in 55% of SCA3 patients, though the contribution hereof to
presented symptoms in SCA3 is not clear .

SCA3 is caused by an expanded stretch of CAG triplets in the coding region of the ATXN3
gene on chromosome 14q32.1, encoding the ataxin-3 protein®. Healthy individuals have up
to 40 CAG repeats, whilst affected individuals have between 54 and 89 glutamine repeats.
A repeat range from 40 to 54 is associated with incomplete penetrance of the disease’>"”. SCA3
patients with two mutant alleles show a more severe disease phenotype than those with a single
mutant allele 8. Also, there is a clear correlation between CAG repeat size and age of onset,
though CAG repeat length only accounts for approximately 50% of the total variability in age of
onset . The expanded CAG repeat leads to formation of an expanded polyQ tract in
the C-terminal region of the ataxin-3 protein, leading to toxic gain of function of the protein
and formation of characteristic neuronal aggregates *. The neurotoxic properties of these
aggregates are still under debate since the number of aggregates does not correlate to the level
of neurodegeneration or the ATXN3 CAG repeat length ?'. Involvement of proteolytic cleavage
of the mutant ataxin-3 protein, liberating shorter protein fragments containing the expanded
polyQ fragment, appears an important pathway to cellular toxicity and aggregate formation .
Observations in Drosophila models for polyQ disorders also hint towards possible involvement
of the expanded CAG repeat itself inducing toxicity at the RNA level *. Despite being
a monogenetic disease, SCA3 pathogenesis has proven to be complex. Over the last decade
extensive studies in cell and animal have led to the identification of several cellular processes
potentially involved in SCA3 pathology.

Nonetheless, much remains to be elucidated regarding the toxicity resulting from mutant
ataxin-3 RNA and protein, and a more comprehensive understanding of the many cellular

processes involved would be of great benefit for the development of therapeutic strategies.
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ATAXIN-3: A DEUBIQUITINATING ENZYME

Two years following the discovery of the ATXN3 gene, the ataxin-3 protein was detected, and was
found to be expressed throughout the brain *. Today it is known that ataxin-3 is in fact expressed
throughout the entire body, and 20 isoforms have been described which are all potentially
protein-coding »*. Of these, 2 isoforms have been extensively investigated, with the isoform most
prominently expressed in brain being encoded by 11 exons (RefSeqNM_004993) and consisting
of 361 amino acids (Fig.1) 2?. The ataxin-3 protein has a molecular weight of approximately
42 kDa, which increases depending on the size of the C-terminal polyQ repeat. Ataxin-3 is
a deubiquitinating enzyme, with a total of 3 ubiquitin interacting motifs (UIMs) and with
a catalytic Josephin domain located at the N-terminus* *. The UIMs can bind and position
the ubiquitin chains in such a manner that the catalytic Josephin domain is then able to cleave
these chains *. In this manner, ataxin-3 can either rescue proteins from degradation or stimulate
breakdown by the removal of inhibitory poly-ubiquitin chains and by the regeneration of free
and reusable ubiquitin®”*!. Besides protein degradation, the ubiquitin-proteasomal pathway
is involved in various cellular processes such as endocytosis, transcriptional regulation and

antigen presentation.
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Figure 1. Schematic representation of ATXN3 gene and protein with interacting partners (adapted from
Evers et al ). a. The ATXN3 gene (Ensembl transcript ID: ENST00000558190.5) consists of 11 exons
with the start codon in exon 1 and the CAG repeat in exon 10. The shape of the boxes depict the reading
frame, nt: nucleotides. Based on CAG repeat of 10. The height of the introns are relative to their length. b.
The ataxin-3 protein consists of 361 amino acids (aa), with an N-terminal Josephin domain that contains
crucial amino acids for its isopeptidase activity [cysteine 14 (C), histidine 119 (H), and asparagine 134
(N)] and two nuclear export signals (NES). The C-terminal part contains three ubiquitin interacting motifs
(UIMs) and the polyglutamine (polyQ) repeat. Specific amino acids known to undergo posttranslational
modifications are indicated with circles. Preferential cleavage sites for calpain and caspases potentially
generating toxic protein fragments are depicted with triangles. c. Binding domains of the main interacting
partners: ubiquitin, VCP/p97 valosin-containing protein, hHR23A and hHR23B human homologues of
yeast protein RAD23, and DNA binding.
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Amino acid cysteine 14, histidine 119, and asparagine 134 of the Josephin domain
of ataxin-3 are essential for its isopeptidase function and are highly conserved between
Josephin and other ubiquitin C-terminal hydrolases and ubiquitin-specific proteases ** *.
The UIMs mediate selective binding to ubiquitin chains and restrict the types of chains that
can be cleaved by the Josephin domain. Ataxin-3 is known to recognise poly-ubiquitin chains
of four or more ubiquitins *"* and binds the poly-ubiquitin linkages lysine 48, lysine 63 and
mixed linkage ubiquitin chains, with preference for lysine 63-tagged ubiquitins ** . Editing
and removal of poly-ubiquitin chains as well as recycling of ubiquitin is critical for cellular
homeostasis. Polyubiquitin chains linked through lysines 6, 11, 27, 29, 33 and 48 target proteins
for proteasomal degradation. In contrast, lysine 63 or linear polyubiquitin chains have non-
proteolytic functions such as activation of kinases and autophagy, where it is proposed to be

involved in the biogenesis of protein inclusions .

Ataxin-3 protein interactions

Ataxin-3 has been found to interact with the valosin-containing protein (VCP/p97) ** 3 through
a motif close to the polyQ repeat (Fig. 1) *. VCP/p97 has numerous functions, one of which
is the regulation of misfolded protein degradation in a process named endoplasmic reticulum
-associated degradation (ERAD)* *'. The ataxin-3-VCP/p97 complex is involved in assisting
targeted proteins to the proteasome **. Ataxin-3 is also known to interact with the human
homologues of yeast protein RAD23, hHR23A and hHR23B. hHR23A and hHR23B are involved
in DNA repair pathways as well as the delivery of ubiquitinated substrates to the proteasome
for degradation®. The binding site of hHR23B to ataxin-3 is located in the second ubiquitin
binding site of the Josephin domain, and in concordance, hHR23B was shown to compete with
ubiquitin binding *. Cell stress resulted in altered interactions with both VCP/p97 and HR23B,
which were found mainly in the cytoplasm, although no effect on protein degradation was
reported . Another association between ataxin-3 and the DNA damage repair pathway stems
from the interaction between ataxin-3 and polynucleotide kinase 3'-phosphatase (PNKP).
PNKP is an DNA end-processing enzyme, and it was found that wild-type ataxin-3 stimulates
PNKP activity *. In addition, ataxin-3 is recruited to DNA double-strand breaks, and through
its deubiquitinating activity was shown to regulate the chromatin dwell time of mediator of

DNA damage checkpoint protein 1 (MDC1), which in turn recruits DNA repair proteins *.

Ataxin-3 and transcriptional regulation

Besides the clear role of ataxin-3 in protein degradation, ataxin-3 has been shown to regulate
transcription. Ataxin-3 is, for instance, able to repress matrix metalloproteinase-2 (MMP-2)
transcription, and increased nuclear localisation of ataxin-3 through phosphorylation enhances
this transcriptional repression *. Ataxin-3 can also regulate PTEN transcription, in turn
influencing PI3K pathway activity . In cells overexpressing wild-type ataxin-3, transcriptional
repression of cell surface- and ECM-associated genes was observed *. These effects on

transcription by ataxin-3 may occur through interactions with transcriptional regulators.
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Indeed, ataxin-3 is known to interact with p300, p300/CBP-associated factor (PCAF)*, histone
deacetylases (HDAC) 3 and 6, nuclear receptor co-repressor (NCoR1) *. However, ataxin-3
can also directly bind to target DNA sequences in chromatin regions of MMP-2, after which
transcription is repressed through recruitment of HDAC3 **.Whether this direct DNA binding

by ataxin-3 is an important pathway of gene regulation is currently still an open question.

Is ataxin-3 an essential protein?

Whether ataxin-3 is an essential protein for normal cellular function remains uncertain. On
one hand ataxin-3 appears dispensable, as knockout of ATXN3 in a C. elegans model did not
negatively affect lifespan *' and conferred a resistance to stress *.. Downregulation of ataxin-3
in the striatum of rats using shRNA did not result in overt signs of toxicity **. In line with
this, ataxin-3 knock-out mice did not present problems with viability or fertility ** **. However,
closer examination of the molecular phenotype of ataxin-3 knockout models has revealed subtle
changes, particularly with regards to ubiquitination, that are important to consider. Firstly,
depletion of ataxin-3 using siRNA in cultured non-neuronal human and mouse cells resulted
in accumulation of ubiquitinated material in the cytoplasm, cytoskeletal disorganisation, loss of
cell adhesion and increased cell death *. Additionally, increased levels of protein ubiquitination
were observed in tissues of an ataxin-3 knockout mouse, and a subtle increase in anxiety of
the mice was reported **. More recently, the role of ataxin-3 in the DNA damage response has
been established, with ataxin-3 depletion compromising double-strand DNA break repair *.
Taken together, it can be concluded that loss of ataxin-3 is tolerated in mice, but several subtle
alterations in cellular homeostasis indicate that ataxin-3 may not be completely dispensable for

cellular functioning in the long term.

PATHOGENIC MECHANISMS OF MUTANT ATAXIN-3
Wild-type ataxin-3 in the normal population has a polyQ stretch of between 13 and 44 *. Following

mutational expansion to over 52 repeats, the ataxin-3 protein becomes toxic to brain cells. No
correlation between ataxin-3 mRNA expression levels and the extent of neurodegeneration was
found for the brain regions affected in SCA3 . It hence appears that there is no difference
in expression levels of mutant ataxin-3 to explain the regional differences in brain pathology
and cytotoxicity in a straightforward manner. Rather, specific brain regions are more sensitive
to the toxic effects of ataxin-3. It is currently unclear what factors are involved in conveying
this specific toxicity, but several hypotheses regarding mutant ataxin-3 pathogenesis have been

proposed and will be discussed below.

Despite being ubiquitously expressed and well conserved among species, it is still unclear whether
ataxin-3 is an essential protein for cellular functioning.

13
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Figure 2. Cellular mechanisms of mutant ataxin-3 toxicity (adapted from *?). In SCA3 the CAG repeat
of the ATXN3 gene is translated into a polyQ expansion in the mutant ataxin-3 protein. The expanded
polyQ repeat causes misfolding of the protein. Proteolytic cleavage of ataxin-3 can generate C-terminal
protein fragments containing the polyQ repeat. Full length and cleaved forms of ataxin-3 can form soluble
monomers, oligomers or large insoluble aggregates, both in the nucleus and in the cytoplasm that cause
toxicity. Other cellular disturbances in SCA3 pathogenesis include transcriptional deregulation, impaired
autophagy, mitochondrial dysfunction, proteasomal impairment, compromised axonal transport and
DNA damage. Finally, there is also evidence implicating RNA toxicity of the mutant ATXN3 transcript in

disease pathogenesis.

Mutant ataxin-3 aggregation

Similar to the other polyQ disorders, intracellular aggregates in neurons of brain material from
SCA3 patients were observed as a hallmark of disease. Aggregates were observed in the substantia
nigra, globus pallidus, dorsal medulla and dentate nucleus *. Using overexpression systems
in cell- and animal models, mutant ataxin-3 was indeed found to accumulate in intracellular
aggregates °® > There is a clear correlation between the length of the polyQ stretch in ataxin-3
and its propensity to form aggregates ® .. In particular, the nuclear accumulation of ataxin-3
appears to be important to induce toxicity, as targeting ataxin-3 to the nucleus worsens the SCA3

phenotype in mice % Ubiquitinated ataxin-3 inclusions can be found in several brain regions
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of SCA3 patients >?. During disease progression, SCA3 mice show a decrease in the level of
soluble mutant atxin-3 in the cerebellum, whilst both nuclear aggregate formation and the ataxic

63

phenotype progress . Ataxin-3 aggregates are not exclusively found in the cell nucleus,

however. Axonal ubiquitinated aggregates have been identified in SCA3 brain tissue fiber

tracts *

and cytoplasmic inclusions were also observed in several affected brain
regions ®.The ataxin-3 inclusions in the cytoplasm have been proposed to interfere with
axonal transport. However, there appears to be no direct correlation between the number of
aggregates and severity of neurodegeneration 2"*. Additionally, it is currently not clear whether
the observed ataxin-3 aggregates consist of full-length ataxin-3 protein, or are initiated by

shorter polyQ containing ataxin-3 fragments.

The hallmark neuronal aggregates of SCA3 are closely associated with proteolytic cleavage of
mutant ataxin-3.

Proteolytic cleavage and induction of toxicity

Proteolytic cleavage of proteins is a continuous process in a normally functioning cell, and serves
many purposes from degradation of proteins to post-translational processing °. However, in
the case of mutated proteins, proteolytic processing may contribute to disease. In the case of
SCA3, research has shown that proteolytic cleavage of mutant ataxin-3 can generate shorter
protein fragments containing the polyQ stretch. These protein fragments are more toxic to cells
than the full length ataxin-3 protein, and in addition are more prone to aggregate *» . It is
therefore thought that the proteolytic cleavage, which can generate short C-terminal ataxin-3
fragments containing the polyQ stretch, may be a driving force in SCA3 pathogenesis. The two
main families of enzymes that have been investigated in this regard for ataxin-3 are the caspase
and calpain families of proteases. Caspases cleave at defined motifs containing an aspartate
residue, and at least 3 such sites located in ataxin-3 are in a position capable of generating a short
polyQ containing fragment . However, caspase cleavage of ataxin-3 occurs less efficiently than
for huntingtin and atrophin-1% and inhibition of caspase cleavage did not reduce aggregate
formation in SCA3 neuronal cell culture experiments .

Cleavage of ataxin-3 by the calpain-2 enzyme occurs throughout the protein, but a key
cleavage site that is well investigated is the one just upstream of the polyQ repeat, at amino
acid 260 77" (Fig.1). Cleavage at this site generates C-terminal ataxin-3 fragments that are
highly prone to aggregation °. Inhibition of calpains in SCA3 mice results in a reduction
of ataxin-3 proteolysis, nuclear localisation, aggregation and was successful in reducing
toxicity 772 Conversely, stimulation of calpain activity in vivo worsened the ataxic phenotype
of mice . There is also evidence that ataxin-3 with longer polyQ stretches is more prone
to calpain cleavage than ataxin-3 with shorter polyQ stretches, potentially exacerbating

the formation of the toxic fragments 7. It appears that during disease progression in mice,

15
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soluble levels of mutant ataxin-3 in the brain decrease, possibly as a result of calpain cleavage,
whilst the aggregate burden increases . It has been suggested that calpains are involved in
the neuronal specificity of SCA3 pathology, as excitation-mediated calcium influx in neuronal
cells activated calpain-2 in vitro, and lead to ataxin-3 cleavage and aggregation . A recent
study, however, was unable to reproduce this excitation related ataxin-3 aggregation in similar
neuronal cells *, and further research is thus required to comprehensively establish ataxin-3

cleavage induced neuronal pathology.

Impairment of protein degradation

Ataxin-3 is involved in the proteasomal protein degradation pathway and this pathway is
indeed found affected in SCA3 as mutant ataxin-3 appears to interfere with degradation of
substrates *»7°. The mechanism behind this, however, appears to be more so the result of toxic
gain of mutant ataxin-3 function rather than loss of function. For instance, a reduction in
the level of protein deubiquitination was reported in a cell model expressing mutant ataxin-3,
despite mutant ataxin-3 showing similar ubiquitin chain proteolysis as wild type ataxin-3 *.
Mutant ataxin-3 was also shown to bind to VCP more efficiently ** *>7°. For this reason, it is
more likely that both mutant and wildtype ataxin-3 get trapped in the ubiquitin-rich aggregates
together with components of the proteasomal machinery 2> 7. The interaction with VCP
is important, as expression of a N-terminal ataxin-3 fragment lacking the VCP binding site
resulted in an impaired unfolded protein response and ER stress, without apparent changes in
levels of ERAD components when tested in a mouse model 7.

Besides ERAD dysregulation, the process of autophagy also was shown impaired in SCA3 as
observed in other neurodegenerative disorders™. Ataxin-3 aggregates in SCA3 were shown to
contain components of autophagy machinery, such as beclin-1 #°. Indeed, autophagy stimulation
through beclin-1 overexpression was shown to alleviate disease pathogenesis in a SCA3 rat
model ¥, in parallel to previous research for HD #!. Recent evidence shows that the polyQ repeat
is required for the interaction between beclin-1 and ataxin-3, which is important to maintain
adequate beclin-1 protein levels and thus normal initiation of autophagy. The polyQ expansion
competes for this interaction, thereby contributing to impairment of autophagy *. Together,
current research suggest SCA3 pathology to at least partly result from loss of function from
ERAD and autophagy machinery, together culminating in impaired protein degradation and

cellular stress.

SCA3 pathology is predominantly the result of gain of toxicity of mutant ataxin-3, rather than loss
of ataxin-3 protein functioning.




Introduction

Mitochondrial dysfunction

It has been suggested that increasing oxidative stress and inability to protect against free radicals
with age could lead to mitochondrial dysfunction and cell damage in polyQ disorders . For
SCA3, a cell model overexpressing mutant ataxin-3 with 78 glutamines indeed showed reduced
antioxidant enzyme levels, increased mitochondrial DNA damage, and reduced energy supply,
which indicates impaired mitochondrial function *. In SCA3 mice, mitochondrial DNA damage
was seen in affected brain regions ¥, and evidence of moderate compromised mitochondrial
complex II was found *. Finally, in brain tissue of SCA3 patients, downregulation of superoxide
dismutase was detected, suggesting diminished antioxidant enzyme function. As damaged
mitochondria will not be able to scavenge free radicals and prevent cell energy impairment
as effectively, this process may therefore further increase oxidative stress in the cell. Oxidative
stress is then able to modulate vital cellular functions, potentially resulting in activation of

apoptosis or excitotoxicity, two of the main causes of neuronal death *.

Transcriptional deregulation
Since ataxin-3 displays DNA-binding properties and interacts with transcriptional
regulators, transcriptional deregulation has been suggested to play a central role in the SCA3

pathogenesis *

. In SCA3 and other polyQ disorders, transcription factors are sequestered
into nuclear aggregates, resulting in deregulation of their function as transcriptional co-
repressor or activator *»°'. Transcription of genes involved in inflammatory processes, cell
signalling and cell surface-associated proteins were found to be altered in SCA3 cell and mouse
models * °> %3 Likewise, some corresponding proteins like MMP-2, amyloid B-protein
and interleukins were found to be significantly increased in SCA3 patient brain material *.
A second mode of transcriptional deregulation arises from impairment of ataxin-3 function.
Wild-type ataxin-3 can repress transcription through recruitment of histone deacetylase 3 and
nuclear receptor corepressor, resulting in histone deacetylation. However, mutant ataxin-3
results in reduced histone deacetylation in this context, allowing for aberrant transcription to

take place *°.

RNA toxicity and repeat-associated non-ATG translation

Until recently, it was believed that polyQ disorders are solely the result of gain of toxic protein
function and, to a lesser extent, loss of wild-type protein function. However, increasing
evidence suggests involvement of the expanded CAG repeat at the RNA level in polyQ
pathogenesis. This may occur through various mechanisms, including alternative splicing,
bidirectional transcription, involvement of the RNA interference pathway, as well as repeat-
associated non-ATG (RAN) initiated translation *. Evidence from toxicity of the CAG repeat
itself stems from the observed neural dysfunction in Drosophila melanogaster models where
the repeat was positioned in the 3’ untranslated region (UTR). Interspersing the repeat with
CAA codons resulted in only a mild phenotype #. The pathways underlying RNA toxicity

could be sequestration of proteins to the hairpin structure of the CAG repeat, like for

17
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Table 2. Potential toxicity pathways involved in SCA3 pathogenesis

contribution
Pathway Established in to pathology* References
Nuclear ataxin-3 inclusions/ cell and mouse models, patient ++++ 20, 27, 63,73
aggregates brain material
Proteolytic ataxin-3 cleavage/ toxic cell culture, animal models +++ 22, 68,70, 94
protein fragments
Proteasomal impairment cell models, patient brain material ~ ++ 77,95
Autophagy impairment cell and mouse models +++ 80, 82
Axonal transport impairment patient brain material ++ 64
Transcriptional deregulation cell and animal models +++ 48,93, 96
RNA toxicity Drosophila + 23
RAN translation indirect; evidence in HD unknown 97

RAN = Repeat associated non-ATG translation, HD = Huntington disease *This scale is an arbitrary measure based on
current evidence in literature and the interpretation of the author.

instance the transcription factor muscleblind-like 1 (MBNL1) %, resulting in misregulation of
splicing . Additionally, MID1 protein is recruited to expanded CAG repeat containing RNA,
which in turn results in aberrant translation of proteins from the CAG mRNAs ' !, However,
the actual contribution of this direct RNA toxicity may be limited in SCA3, since other research
suggests that CAG repeats in the UTR are only toxic when considerably exceeding the repeat
length normally found in SCA3 patients ** 1%,

For SCA3 and other polyQ disorders, reading frame shifts and subsequent translation of
homopolymeric repeats such as polyalanine (polyA) have been established '* ' The polyA
repeat is associated with increased toxicity over the polyQ repeat, and may therefore be
a substantial contributor to toxicity associated with the expanded CAG repeat '®. Of note,
expansion proteins from all three reading frames can be produced without an AUG start
codon, in a process termed RAN translation *. Frameshifting and RAN translation are distinct
translational steps, but are both dependent on the repeat sequence length '. RAN translation is
usually associated with sequences that are considered to be non-coding, but may nonetheless be

involved in polyQ disorder toxicity as well.

DNA damage

Ataxin-3 has recently been discovered to interact with, or modulate activity of, several DNA
damage response associated proteins, such as HHR23A, HHR23B*, MDC1%, polynucleotide
kinase 3'-phosphatase (PNKP)* 7, and checkpoint kinase 1 (Chk1) . Interestingly, a large
increase in DNA damage has been demonstrated in cells, mouse brain and human brain
material of SCA3 '%7, suggesting DNA damage may be involved in SCA3 pathogenesis. Indeed,
defects in the DNA repair have been linked to several other neurological disorders '®. In
the case of SCA3, it was shown that wild-type ataxin-3 stimulates PNKP activity, whereas

mutant ataxin-3 inhibits this activity *. The deactivation of PNKP by mutant ataxin-3 in
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fact appears to be involved in inducing DNA damage and subsequent cell death underlying

neurodegeneration '’

, suggesting a direct pathologic link. It is currently unclear whether
the interfering effect of mutant ataxin-3 on PNKP functioning is the result of PNKP inhibition
through inclusions in aggregates or a more direct inhibition due to binding of mutant
ataxin-3 '°. Additionally, it will be of importance to determine whether the deubiquitinating
activity of ataxin-3 is involved in the PKNP modulation, such as observed for the checkpoint
mediator protein MDCI1*. Mutant ataxin-3 is able to deubiquitinate and stabilize Chk1 protein
at a comparable capacity as wild-type ataxin-3, arguing against involvement of altered enzymatic
activity of mutant ataxin-3 as a initiator of DNA damage in this context '*.

Collectively, there is abundant evidence that ataxin-3 is involved in the DNA repair pathway,
but it remains to be elucidated how mutant ataxin-3 relates to the increased DNA damage

observed in SCA3, and to what extent this contributes to pathology.

THERAPIES

Currently no therapies are available to delay SCA3 disease progression and patients are only
treated symptomatically. Nonetheless, several interesting new compounds and RNA targeting
therapeutics are currently in preclinical development. Firstly, compounds resulting in increased
clearance of mutant ataxin-3 are being investigated. Increasing intracellular protein degradation
by various compounds have shown to be capable of improving the phenotype of SCA3

mice "'"!'2, but strong modulation of autophagy may cause neurotoxicity ''*

and these compounds
thus have to be implemented with great care. Additionally, several chemical chaperones capable
of reducing ataxin-3 aggregation have been tested with success in cell culture experiments'*,
and trehalose '* is currently in phase II clinical trial for the treatment of SCA3. A screening of
FDA-approved drugs has recently identified the serotonin reuptake inhibitor as a drug capable of
improving the phenotype in c.elegans and SCA3 mice ''°. However, only the autophagy inhibitor
lithium has been tested in SCA3 patients so far, but no beneficial effect on disease progression
could be determined '”. Various other compounds and strategies have been tested in SCA3
mouse models. Firstly, preventing SCA3 disease progression through modulation of calcium

homeostasis has been investigated using Dantrolene ''®

and caffeine ' '? with promising results
that warrant further investigation of these compounds. Additionally, the HDAC inhibitor
sodium butyrate was capable of inducing beneficial effects on the phenotype of SCA3 mice,
possibly by ameliorating transcriptional repression '2'. Thirdly, inhibition of ataxin-3 cleavage
by treatment with the calpain inhibitor BDA-410 successfully prevented motor deficits in SCA3
mice **. Caloric restriction was found to reduce motor deficits in SCA3 mouse models, through
rescue of sirtuin 1 (SIRT1) levels 2.

Recently there has been increased interest in stem cell transplantation as treatment strategy
for neurodegenerative disorders. Transplantation of cerebellar neural stem cells in SCA3
mice led to differentiation of the cells into neurons and supportive cells, and alleviated motor
behaviour impairment and neuropathy '. An exciting aspect of stem cell transplantation is

that they can potentially induce cell replacement to compensate for the neuronal loss in SCA3.
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Indeed, transplanted embryonic neurons were shown capable of integrating in pre-existing
brain circuits in mice'*. However, clinical success of stem cell use in for instance Alzheimer
and Parkinson’s disease have been modest thus far '*»'2°, and some concerns regarding safety
have been risen . Due to the monogenetic nature, SCA3 is also an ideal candidate for therapies
directly targeting the ATXN3 transcript. Downregulation of ataxin-3 using shRNA and siRNA
has shown success in mouse models . Additionally, antisense oligonucleotides can be
used to down regulate’" *? or modify ataxin-3 through exon skipping **. The use of antisense

oligonucleotide therapies in neurodegenerative disorders is extensively reviewed in Chapter 2.

Scope of the thesis
In this thesis, antisense oligonucleotides (AONs) are investigated as a potential treatment
for SCA3.

Chapter 2 describes the current state of development of AONs and their use as therapy
for neurodegenerative disorders. In Chapter 3, an AON based strategy to reduce formation of
toxic ataxin-3 cleavage fragments in cell models is described. Chapter 4 describes pathogenic
mechanisms and biomarkers in a SCA3 mouse model using a multi-omics approach. In Chapter
5,anovel AON based therapy to remove the toxic polyQ repeat from ataxin-3 in the SCA3 mouse
model is investigated. Chapter 6 provides an overview of potential side effects and toxicity
related to 2’°0OMe AONSs after intracerebroventricular injection in mice. Chapter 7 discusses
the main findings of the thesis, and how these relate to the current state of SCA3 research and
AON based therapies.
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ABSTRACT

Antisense oligonucleotides are synthetic single stranded strings of nucleic acids that bind to RNA
and thereby alter or reduce expression of the target RNA. They can reduce expression of mutant
proteins by breakdown of the targeted transcript, but they can also restore protein expression
or modify proteins through interference with pre-mRNA splicing. There has been a recent
revival of interest in the use of antisense oligonucleotides to treat several neurodegenerative
disorders using different approaches to prevent disease onset or halt disease progression and
the first clinical trials for spinal muscular atrophy and amyotrophic lateral sclerosis showing
promising results. For these trials, intrathecal delivery is being used but direct infusion into
the brain ventricles and several methods of passing the blood brain barrier after peripheral

administration are also under investigation.



AON:ss in therapy for neurodegenerative disorders

INTRODUCTION

There has been a recent revival of interest in the use of antisense oligonucleotides to treat
neurodegenerative disorders. Antisense oligonucleotides are synthetic single stranded strings of
nucleic acids, between 8-50 nucleotides in length, that bind to RNA through standard Watson-
Crick base pairing. Antisense oligonucleotides interfere with gene expression by altering RNA
function. Depending on sequence and modifications, antisense oligonucleotides can alter RNA
function through several distinct mechanisms, making them a diverse tool. They can be used
to restore protein expression, reduce expression of a toxic protein, or modify mutant proteins
to reduce their toxicity. Antisense-mediated gene inhibition was first introduced by Stephenson
and Zamecnik in 1978 *. Using a DNA molecule of 13 nucleotides in length with modifications
at the 3" and 5° OH moieties, they showed inhibition of replication and cell transformation of
the Rous sarcoma virus. Since then, modifications to the backbone and sugar component have
improved stability, binding strength and specificity which has made antisense oligonucleotides

suitable for therapeutic application 2

. For several neurodegenerative disorders, antisense
oligonucleotide therapy has now moved from the preclinical to the clinical stage, facilitated by
the remarkable widespread distribution and cellular uptake of antisense oligonucleotides once
delivered into the brain >*.

There are many other types of nucleic acid molecules that can interfere at the RNA level
using the RNA-induced silencing complex (reviewed in °) that promote selective degradation
of homologous cellular mRNAs, but these will not be discussed. In this review we will outline
the key characteristics of antisense oligonucleotides that make them very suitable for treating
neurological disorders. We will discuss the delivery of antisense oligonucleotides to the nervous
system and the available chemical modifications of antisense oligonucleotides that have been
applied to neurodegenerative disorders. Finally different functional mechanisms to alter RNA
function in the nervous system will be discussed, as well as several neurodegenerative disorders

where these different antisense oligonucleotide mechanisms are being applied.

DELIVERY TO THE NERVOUS SYSTEM

In drug discovery, the aim is to find a substance which is potent, selective, and preferably
bioavailable that needs to reach its target at sufficient concentrations ¢. For drugs to reach
the nervous system they first have to cross the vascular barrier, which is made up of the blood
brain barrier (BBB) or the blood-spinal cord barrier (BSCB). These vascular barriers prevent
most molecules from entering the nervous system from the blood circulation. Despite this gate-
controlling system, essential nutrients, such as glucose, are permitted to pass ”. The vascular
barriers of the nervous system are comprised of a monolayer of endothelial cells forming tight
junctions through interactions of cell adhesion molecules ®. Other structural components are
astrocytes that surround the endothelial cells with their processes, pericytes located between
the endothelial cells and astrocytes, macrophages, and finally the basement membrane.

The endothelial cells of the BBB are characterized by only few fenestrae and pinocytic vesicles,
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limiting transport to and from the brain. The BBB thus also largely separates the peripheral
immune system from the brain. Although the BSCB is largely made up of the same components
as the BBB, there are some functional and morphological differences °. For instance in
the BSCB, the equivalent of the BBB endothelial cells are the choroid plexus epithelial

cells 1°

and the permeability of the two barriers are different probably due to differences in
tight junction protein expression '. In neurodegenerative diseases, disruption of the vascular
barrier is common ®'>!* and it was shown in animal models that a compromised BBB barrier
in itself can lead to neurodegeneration '>. However, for most diseases of the nervous system
that could be treated with antisense oligonucleotides, the antisense oligonucleotides will
not be able to cross the vascular barrier when delivered systemically. Several methods have
been used to deliver antisense oligonucleotides to the nervous system (see Fig. 1). Antisense
oligonucleotide modifications will largely determine the most efficient route of delivery. In this
chapter the different mechanisms for antisense oligonucleotides to enter the nervous system will
be outlined. We will next review the different types of antisense oligonucleotide modifications

used for neurodegenerative disorders in chapter 3.

intrathecal

W}

Figure 1. Routes for delivery of antisense oligonucleotides to the central nervous system. Next to

systemic delivery, antisense oligonucleotides can be directly delivered into the cerebrospinal fluid
through intracerebroventricular or intrathecal infusion using an implanted reservoir that is connected to
the ventricles within the brain or spinal cord via an outlet catheter. An alternative less invasive route of
delivery of antisense oligonucleotides could be conceivable via intranasal administration.
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PERIPHERAL DELIVERY

Efforts are ongoing to deliver antisense oligonucleotides to the nervous system via the systemic
route. In general, when a drug is administered systemically, a fraction will be bound to proteins
(e.g. serum albumin, lipoprotein etc.) and a fraction will be unbound. The bound fraction
is the pharmacologically relevant fraction, since it is available to cross the vascular barrier *
depending on its physicochemical properties.

The first mechanism by which antisense oligonucleotides could cross the vascular barrier
is simple diffusion. Small lipophilic substances which have a hydrogen bond are more likely
to pass the vascular barrier * than compounds without hydrogen bonds and only molecules
with a molecular weight smaller than 400 Dalton are able to cross the vascular barrier .
Antisense oligonucleotides generally have a molecular weight of approximately 6,000 to 10,000
Dalton and thus are too large to cross the vascular barrier by simple diffusion and reach an
effective concentration in the nervous system. Indeed, early studies showed only limited brain
uptake of peripherally administered radioactive antisense oligonucleotides with less than 1%
of the injected oligonucleotide measured in brain '*'°. The mechanism by which this antisense
oligonucleotide crossed the BBB was named the saturable oligonucleotide transport system *’.

Another mechanism to cross the vascular barrier is via receptor-mediated endocytosis,
which allows macromolecules, such as transferrin, insulin, leptin, and insulin-like growth
factor 1, to enter the nervous system ». Studies by Lee and associates used biotinylated antisense
oligonucleotides captured with a streptavidin conjugated radioactive labelled monoclonal
antibody to the mouse transferrin receptor to quantify gene expression in vivo 2. This radioactive
labelled antisense oligonucleotide conjugate reached the brain through the endogenous
transferrin transport pathway (receptor-mediated endocytosis) in a transgenic mouse model ..
This same transferrin transport pathway was used to transport nanoparticles carrying antisense
oligonucleotides targeting aquaporin 4 into the brain parenchyma *.

More recent research has focussed on cell-penetrating peptide (CPP)-based delivery
systems *. These have shown strong transmembrane capacity and great potential for therapeutic
approaches for neurodegenerative disorders ?*. CPPs can be up to 30 amino acids in length and
can carry a wide variety of cargos. Different CPPs use distinct cellular translocation pathways,
which depend on cell types and cargos . Systemically delivered antisense oligonucleotides tagged
with arginine-rich CPPs were able to cross the BBB and were widely distributed throughout
the brain of wild-type mice %. To note, not all types of antisense oligonucleotide modifications
are suitable for coupling with CPPs. Although two promising CPP antisense oligonucleotides
were abandoned as therapeutic agents since repetitive intravenous (IV) bolus injections of CPP
antisense oligonucleotides caused lethargy and weight loss in rats * and tubular degeneration in
the kidneys of monkeys %, CPP systems are still a promising delivery system.

Although not tested thus far, antisense oligonucleotides encapsulated in exosomes would
theoretically also be able to cross the vascular barrier after IV injection. Exosomes are a well-
studied class of extracellular vesicles known to mediate communication between cells through

transfer of proteins and nucleic acids > *. IV injection of exosomes transduced with short viral
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peptides derived from rabies virus glycoprotein (RVG) resulted in crossing of the BBB and
siRNA delivery to the brain *'. These IV injected RVG-targeted exosomes bound to neurons,

microglia and oligodendrocytes, resulting in a specific gene knockdown in the brain #.

DIRECT DELIVERY TO THE NERVOUS SYSTEM

Besides mechanisms to cross the vascular barriers, there are also techniques that bypass them
through direct infusion into the cerebrospinal fluid (CSF).

Antisense oligonucleotides can be infused intracerebroventricularly (ICV) after which
the ASOs would have to pass the ependymal cell layer that lines the ventricular system to enter
the parenchyma. Intrathecal (IT) delivery means delivery of the ASOs into the subarachnoid
space of the spinal cord. From here it will have to pass the pia mater to enter the parenchyma.
ASOs can be delivered ICT or IT through an outlet catheter that is connected to an implanted
reservoir. Drugs can be injected into the reservoir and delivered directly to the CSE.

This route of delivery has several advantages over peripheral administration. It results in
immediate high drug concentrations in the CSF meaning that a smaller dose can be used,
potentially minimizing toxicity. Also, because there is free exchange between the CSF and brain
parenchyma, and the BBB prevents transport of the antisense oligonucleotides into the peripheral
circulation, direct delivery into the nervous system can relatively rapidly result in therapeutic
drug concentrations. This infusion technique was used in antisense oligonucleotide applications
in rodent models of neurodegenerative disorders as well as non-human primates *>. Moreover,
IT drug therapy has been applied to a wide variety of neurological conditions ****. To date there
have been two phase I clinical trials completed using IT infusion of antisense oligonucleotides
in amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA) patients *>* without

any major adverse side effects *.

INTRANASAL DELIVERY TO THE BRAIN

Although to date there have been very few studies showing delivery of antisense oligonucleotides
to the brain via intranasal administration, this is a very promising alternative route of
delivery. After intranasal administration, molecules can be transported along the olfactory
and trigeminal nerve pathway and the rostral migratory stream ¥. It is less invasive compared
to the above mentioned antisense oligonucleotide delivery methods and already was used
successfully in clinical trials showing improved cognition after intranasal insulin application
in Alzheimer disease patients *. Also intranasal delivery of small interfering RNA (siRNA) was
shown to be very efficient. CPP conjugated to glycol-polycaprolactone copolymers were able
to target siRNAs to the brain via the intranasal route *. In rats, intranasal delivery of antisense
oligonucleotides was found to lead to good distribution throughout the brain, and was able to
slow down intracerebral tumour growth *°. These studies hence indicate that intranasal delivery

may become a viable option for antisense oligonucleotide delivery in the future.
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CHEMICAL MODIFICATIONS

Initially, antisense oligonucleotides were used in the form of synthetic unmodified DNA *'.
Though successful, these types of oligonucleotides proved very susceptible to degradation by
endo- and exonucleases. It quickly became apparent that if antisense oligonucleotides were
to be used for clinical applications, their pharmacological profile would have to be enhanced.
Oligonucleotides have since benefited from technical advances in chemical modifications
leading to significantly improved characteristics. Antisense oligonucleotides are available with
a range of different modifications on the phosphate backbone and ribose sugar group in the case
of RNA (see Table 1). The modifications used in studies of neurodegenerative disorders and

their mode of actions will be discussed in the paragraphs below.

BACKBONE MODIFICATIONS: COUNTERACTING NUCLEASES

One of the main factors impeding antisense oligonucleotide efficacy is their rapid degradation
by endo- and exonucleases. A 3" to 5" exonuclease is able to degrade unprotected antisense
oligonucleotides within 30 minutes in serum *, while intracellular exo- and endonucleases
can lead to degradation in an even shorter timespan **. Brain associated a-exonuclease is likely
responsible for degradation of antisense oligonucleotides in CSF *. One of the first successful
modifications providing a good degree of protection from these nucleases is the phosphorothioate
(PS) backbone. Termed the first generation of oligonucleotide modifications, the PS backbone
is accomplished by replacement of one of the non-bridging oxygen atoms in the backbone with
a sulphur atom *. Oligonucleotides with this modification are more stable with reported half-
lives of 9 hours in human serum and 19 hours in rat CSF *. The negative charge of PS DNA
furthermore allows for good uptake into various cell types in vitro * and into various brain cell
types after microinjection into brain ¥’. Another important characteristic of the PS backbone is
its ability to activate ribonuclease H (RNase H), allowing for use in applications where target
RNA downregulation is desired *. RNase H recognizes an RNA-DNA heteroduplex, and then
cleaves the RNA strand, resulting in a 5-phosphate on the product and release of the intact DNA
strand *>*°. A less favourable characteristic of the PS backbone is that it destabilize duplexes,
leading to a decrease in melting temperature *'. Cytotoxic effects of PS at high concentrations
have been reported (reviewed in *?), and are thought to be related to protein binding **** or
complement activation *. PS modified antisense oligonucleotides have undergone extensive
pharmacokinetic testing aimed at peripheral administration. In this context, it was found that
PS oligonucleotides bind serum proteins, leading to reduced renal clearance and an increased
circulation time ¢ *’. These favourable pharmacokinetic properties in the periphery are
contrasted by the poor ability of PS oligonucleotides to cross the BBB *.
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Table 1. Chemical modifications of antisense oligonucleotides.

Modification Main features
Phosphate linkage phosphodiester Naturally occurring
Inexpensive
phosphoramidate High affinity
High nuclease resistance
Does not support RNase H
phosphorothioate (PS) Improved nuclease resistance
Improved binding to plasma proteins (preventing
kidney clearance)
Sugar modification LNA Strong binding affinity

20Me

MOE

2’-Fluoro

cEt

tc-DNA

Non-ribose modifications PMO

PNA

Increased nuclease resistance

Does not support RNase H
Improved binding affinity
Improved nuclease resistance
Inhibits immune stimulation of PS backbone
Does not support RNase H
Improved binding affinity
Improved nuclease resistance
Inhibits immune stimulation of PS backbone
Does not support RNase H
Improved binding affinity

Does not support RNase H cleavage
Strong binding affinity

Improved nuclease resistance

Does not support RNase H
Improved nuclease resistance
Improved binding affinity

Does not support RNase H

Neutral charge

Improved binding affinity

Excellent nuclease resistance

Does not support RNase H
Uncharged

High binding affinity

Low toxicity

High nuclease resistance

Sugar modifications are typically used together with the PS backbone modification. 20Me: 2’-O-methyl, cEt: S-constrained-ethyl,
LNA: Locked nucleic acid, MOE: 2’-O-methoxy-ethyl, PMO: phosphorodiamidate morpholino oligomer, PNA: peptide nucleic

acid, Tc-DNA: Tricyclo-DNA
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Frequency
Main disadvantages Application of use Refs
Rapidly degraded by nucleases Steric hindrance - [44,105-107]
Quickly cleared by kidney RNase H cleavage
Quickly cleared by kidney Steric hindrance  + [37]

Can cause immune response/ cytotoxicity at high

concentrations

Slightly reduced binding affinity compared to phosphodiester

Higher toxicity than other modifications
Higher risk of a-specific binding

Higher propensity for self-annealing

Lower affinity than most other modifications

Lower affinity than most other modifications

Little improvement for nuclease resistance

Little research data available

Rapid clearance
Poor uptake in cell nucleus

Poor pharmacokinetic properties

Rapid clearance

Poor uptake/ pharmacokinetic properties

Steric hindrance

RNase H cleavage

Steric hindrance

Steric hindrance

Steric hindrance

Steric hindrance

Steric hindrance

Steric hindrance

Steric hindrance

Steric hindrance

+++++ [108-110]

Ft+ [74,111,112]

++++ [113,114]

+4+++ [28,33,115]

+ [116]

++ [117-119]

+ [78,79]

++ + [98,120,121]
++ [92,112,122,123]
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SUGAR GROUP MODIFICATIONS:
IMPROVING AFFINITY AND REDUCING TOXICITY

In addition to the PS backbone, RNA oligonucleotides can be further modified at the 2’ position of
the ribose sugar. These types of modifications are termed the second generation oligonucleotide
modification, and, in combination with the PS backbone, have been of great importance for
advancing oligonucleotide safety and pharmacologic properties. In this class of modifications,
the 2’-O-methyl (20Me) and 2’-O-methoxy-ethyl (MOE) have proven most successful thus far.
These modifications increase hybridization affinity to their target RNA compared to unmodified
phosphorothioates *¢!, as well as increased resistance toward nuclease degradation ®%. An
additional key advantage of the 2° modifications is their ability to reduce sequence independent
toxicity arising from the PS backbone ¢, which also holds true in the CNS . An important trait
of 2’-modifications is their inability to recruit RNase H ® and oligonucleotides that are fully
modified in this fashion thus cannot induce RNase H-mediated target RNA downregulation.

For 2’-O-modified-PS antisense oligonucleotides only very mild toxicity has been reported,
which did not interfere with their desired effects after ICV delivery in rodent brain %, or in
cultured neuronal cells ¢. Although it has been shown that PS antisense oligonucleotides can
have an immunostimulatory effect via toll-like receptors, appropriate 2’-O modifications, such
as 20Me and MOE, can suppress these effects 7. It is important to mention that possible
toxic and immunostimulatory effects of 20Me-PS antisense oligonucleotides may also be due to
dosage, concentration, or duration of treatment ”'.

Locked nucleic acids (LNA) are a 2’-modification where the 4’-carbon has been tethered
to the 2’-hydroxyl group. LNAs provide resistance to nucleases > and show much improved
hybridization compared to the other 2’-modifications ”>7*. LNAs are also unable to induce RNase
H-mediated target RNA downregulation 7> 7. Though LNAs provide a better RNA binding
affinity than most other 2’-modifications, there appear to be more severe toxicological problems
with these oligonucleotides in systemic treatment 7. Whether this also holds true for the CNS
will remain to be determined, though one study reports that LNAs are tolerated in rat brain .
Additionally, the high affinity of LNAs can lead to a reduction in target specificity 7. For these
reasons, a chimera design where LNA modified nucleosides are interspersed by unmodified or
differently 2’0-modified nucleosides can be implemented . LNAs can be further modified by
addition of oligospermine nucleobases. The resulting antisense oligonculeotide-oligospermine
conjugates are known as zip nucleic acids (ZNA) *. These conjugates lack the polyanionic
nature and electrostatic repulsion of the negatively charged phosphate backbones, leading to
increased binding affinities and improved cellular uptake. ZNA conjugates were found to reduce
huntingtin expression in Huntington disease (HD) patient-derived cells ®. Although ZNA
conjugates are primarily used as probes for real-time PCR, they possess some therapeutically
interesting properties.

Another conformationally constrained oligonucleotide modification available is tricyclo-
DNA (tc-DNA). This modification is aimed at lessening the flexibility around the C3°-C4" and
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C4’-C5’ bonds by addition of an ethylene bridge fused with a cyclopropane unit. The result
in a more stable duplex formation # that is not compatible with RNase H. Tc-DNA has been
reported to be stable in serum and resulted in more potent splicing correction compared to
a 20Me-PS oligonucleotide when tested in cells . To date, there have been very few studies
performed making use of tc-DNA, but there has been one report stating splicing modulation
in the brain occurred after peripheral administration of tc-DNA in a Duchenne muscular
dystrophy mouse model #. Interestingly, dystrophin restoration in the mouse brain resulted in
complete reversal of its behavioral phenotype *.

Other sugar modifications less frequently used in CNS studies are the 2’-fluoro and
S-constrained-ethyl (cEt) oligonucleotides. The 2’-fluoro, akin to OMe and MOE modifications,
replaces the 2’-hydroxy with a fluoro group and provides a higher affinity than most other
2’-modifications %, in addition to providing resistance to nucleases *. The cEt modified antisense
oligonucleotides provide similar binding affinity as LNA, yet appear to have a more favourable
toxicity profile %
for HD ¥.

Taken together, the second generation of oligonucleotide modifications have provided

, and have recently shown good promise in a humanized mouse model

a good degree of improvement on the PS backbone, with enhancements in nuclease resistance,
binding affinity and reduction of PS-induced toxicity. However, in light of the fact that most
CNS research utilising oligonucleotides aims at downregulation of target RNA, the fact that
these modifications are not compatible with RNAse H cleavage is an important consideration.
For this reason, a RNAse H compatible gapmer strategy was conceived of (described in
chapter 4), in which a PS oligonucleotide is not modified with 2’0O-modifications over its entire
length. Importantly, a MOE-PS gapmer oligonucleotide was the first to make it to clinical trials

for a neurodegenerative disorder, and has shown favourable tolerability **.

OTHER OLIGONUCLEOTIDE MODIFICATIONS

Besides the PS backbone and several ribose sugar modifications described above,
efforts have been made with newer modifications that combine backbone, ribose and
nucleosides modifications.

Peptide nucleic acids (PNA) are generated by replacement of the entire sugar phosphate
backbone with polyamide linkages ®, but are still able to hybridize through Watson-Crick
binding ¥. PNAs are uncharged, and provide a high resistance to nuclease and protease

degradation *°

. Another important feature of PNAs is their high binding affinity for
RNA *!. In light of their inability to activate RNAse H, PNAs are mostly implemented in splicing
modulation approaches or translation inhibition. A clear shortcoming of PNAs is their poor
cellular uptake ** and water insolubility **. However, both uptake and water solubility can be
improved using peptide conjugates °**>. Uptake in neuronal cells of unmodified PNA in vivo has

been reported * but the use of PNA antisense oligonucleotides in neurodegenerative disorders
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remains somewhat limited. When administered peripherally, PNAs are rapidly cleared *” and
these poor pharmacokinetic properties likely in part explain their limited in vivo use thus far.
Phosphorodiamidate morpholino oligomers (PMO) have a morpholine ring instead of
the ribose ring, and have phosphoroamidate intersubunit linkages. Similar to PNAs, PMO
backbonesare neutrally charged and are not compatible with RNase H*®. PMOs are highly resistant
to nuclease and protease degradation *°. In a phase 1 clinical trial using IV administration, PMOs
were well tolerated, but were shown to suffer from the same pharmacokinetic shortcomings as
PNAs since they are rapidly cleared from the blood '®. Peptides can be conjugated to the PMO
for improved cellular uptake and pharmacokinetics . Also, bare PMO chemistry has been
successfully used to modify splicing when administered directly in mouse brain ', though
toxicity at higher doses may occur '®. Another interesting conjugated PMO is the vivo-
morpholino, which features a terminal octaguanidinium dendrimer aimed at improving cell
permeability and thus tissue uptake when administered peripherally '*. Unfortunately, there
have been reports of severe toxicity following IV administration of vivo-morpholino in mice .
Importantly, the increased toxicity of vivo-morpholino compared to bare PMOs also appears
to hold true in the brain '*'%. Crossing of the BBB does not appear to occur efficiently for
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vivo-morpholinos ', and, though microinjection in rat brain was effective, target protein

downregulation lasted for only 14 days '*.

FUNCTIONAL MECHANISMS

Depending on the chemistry and target site, antisense oligonucleotides can be used
in many different ways to modulate gene expression. Below we will discuss the major
functional mechanisms that can be used in neurodegenerative disorders (for schematic
representation see Fig. 2) where either the RNA is broken down or is altered with the use of

antisense oligonucleotides.

RNASE H-MEDIATED DEGRADATION

As described in the previous paragraph, 2’-modifications enhance safety and pharmacologic
properties of antisense oligonucleotides. However, RNase H requires a free 2’-oxygen and
oligonucleotides that are fully 2’-modified cannot induce RNase H-mediated target RNA
downregulation ®. To induce gene knockdown through RNase H, an alternative strategy
using gapmers has been developed (Fig. 2A and B). A gapmer antisense oligonucleotide
consists of a central DNA region with flanking 2’-modified nucleosides. Because the active
site of an exonuclease only binds to two or three residues at the 3'- or 5'-end, a short
stretch of 2’-modified RNA nucleosides at both ends is sufficient for the protection against
exonucleases . The gapmer molecule thus benefits from nuclease resistance and improved
uptake from the wings, whilst activating RNAse H owing to the gap region ®.

If the target protein has important cellular functions general downregulation would be

detrimental. In such case specific lowering of the mutation-containing protein is desired.
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Selective RNase H-mediated degradation can be achieved using antisense oligonucleotide
gapmers targeting (1) specific point mutations '°, (2) structural differences between wild-type
and mutant mRNA "' or (3) a single nucleotide polymorphism (SNP) that is unique to
the mutant RNA ' (Fig. 2B).

STERIC HINDRANCE

Next to RNase H-mediated breakdown of mRNA, protein levels can also be reduced by
preventing translation (Fig. 2C). Here, all nucleotides of the antisense oligonucleotide have
sugar modifications rendering them RNase H resistant. Suppressing RNA translation to reduce
protein levels could be achieved by antisense oligonucleotides targeting the RNA translation
start site or sterically blocking the binding of RNA binding protein complexes, such as ribosomal
subunits '** (Fig. 2C).

Other antisense oligonucleotide applications that do not induce the lowering of transcript
levels are gaining more interest. The best-known application is the manipulation of
splicing ¢ (Fig. 2D). Most human genes express more than one mRNA through alternative
117

splicing ' and this is an important mechanism for gene regulation. In brain there is a very

high level of alternative splicing "'

and disruption of normal splicing patterns can cause or
modify human disease. Antisense oligonucleotides can be used to interfere with this naturally
occurring regulatory mechanism by targeting splice sites or exonic/intronic inclusion signals
that will result in skipping or inclusion of the targeted exon and altering the RNA and protein
sequence (Fig. 2D). For neurodegenerative disorders this can have multiple applications, e.g.

switching from a harmful isoform to a less harmful isoform '*°

, skipping an aberrantly included
exon to restore the normal transcript ', removing disease-causing mutations from genes '*°, or

restoring the reading-frame by removing an exon with a mutation '2*.

ANTISENSE OLIGONUCLEOTIDE APPROACHES FOR
NEURODEGENERATIVE DISORDERS

For non-neurodegenerative disorders several antisense oligonucleotides therapies are under
development with antisense-mediated exon skipping for Duchenne muscular dystrophy
the closest to clinical application '?>'%. Furthermore, one of the first repeat expansion diseases
where antisense oligonucleotide mediated RNaseH dependent degradation of mutant RNA was
developed for is Myotonic Dystrophy type 1 '**. However, reaching sufficient concentrations
of antisense oligonucleotides in the organ of interest and establishing sufficient high cellular
uptake is a major issue. Here neurodegenerative disorders have the advantage. After reaching
the nervous system, most antisense oligonucleotides are readily taken up by neurons and
glia >*. It has been suggested that uptake occurs through nucleic acid channels '** but the exact
mechanism of cellular uptake is still poorly understood 2%, Once the antisense oligonucleotide
has been delivered into the nervous system, the vascular barriers will prevent it from entering

the periphery and there will be no rapid excretion or break down by the kidney and liver,
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Figure 2. Functional mechanisms of antisense oligonucleotide for central nervous system disorders.
Depending on the chemistry and target site, antisense oligonucleotides can be used in different ways to
modulate gene expression: A. Antisense oligonucleotide gapmers induce RNase H-mediated breakdown
of target RNA. B. RNase H-mediated breakdown by antisense oligonucleotide gapmers targeting specific
point mutations, structural differences between wild-type and mutant mRNA or a single nucleotide
polymorphism (SNP) that is unique to the mutant RNA. C. Suppressing RNA translation by antisense
oligonucleotides targeting the RNA translation start site or sterically blocking the binding of RNA binding
protein complexes, such as ribosomal subunits. D. Antisense oligonucleotides binding to targeting splice
sites or exonic/intronic inclusion signals that will result in skipping or inclusion of the targeted exon. SR,
pre-mRNA splicing machinery.
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which means that it is easier to reach clinically effective concentrations. In rodents, it was
shown that the tissue half-life of 20Me-PS antisense oligonucleotides in peripheral tissue was
around 10-65 days after IV injection '*>'*°. ICV infused MOE-PS antisense oligonucleotides can
have a much longer tissue half-life of 71-206 days in the brain and 145-191 days in the spinal
cord ', This striking difference in tissue half-life between neuronal and peripheral tissue could
be explained by lower intrinsic nuclease activity in neuronal tissue compared to peripheral
tissues *, or by differences in endosome handling between neuronal and peripheral cell types .
Although antisense oligonucleotides have a long half-life they are eventually degraded, offering
the possibility to discontinue treatment '*. For clinical trials with long term administration it
would be ideal to have the option to terminate the treatment effect if unwanted side effects occur.
A so called antidote, or decoy, was recently applied in SMA mice initially treated with MOE-PS
antisense oligonucleotides . Administration of a fully complementary oligonucleotide three
weeks after ICV injection of a therapeutic MOE-PS antisense oligonucleotide was reported
to reverse the antisense oligonucleotide-mediated survival motor neuron 2 (SMN2) exon 7
inclusion in SMA mice ™.

For many neurodegenerative disorders it is known that certain proteins are specifically up
regulated, either as a primary or secondary event in the disease process. In other disorders,
proteins are not expressed due to mutations in a gene, or are aberrantly spliced and toxic protein
isoforms are expressed. Mutant proteins can also aggregate, which can contribute to disease
pathology. This paragraph will outline several neurodegenerative disorders where the use of
antisense oligonucleotides is a promising therapeutic strategy. Examples are given where
antisense oligonucleotide treatment resulted in therapeutic benefit in animal models and/or
clinical trials (Table 2).

REDUCING PROTEIN EXPRESSION

Next to blocking translation, antisense oligonucleotides can also modulate splicing to introduce
an out-of-frame deletion on transcript level, resulting in nonsense-mediated decay and knock
down of target protein expression '*. This approach is an alternative approach to RNase
H-mediated degradation **. Alzheimer disease is the most common form of dementia where
cleavage of amyloid precursor protein (APP) at the B-secretase and y-secretase site causes
elevated levels of B-amyloid peptide (AB). This is considered a key event in the pathogenesis of
Alzheimer disease . One of the first approaches to down regulate APP translation made use
of PS antisense DNA oligonucleotides. After tail vein injections of PS antisense oligonucleotide
there was a reduction in APP and modest behavioural improvement in a transgenic Alzheimer
disease mouse model . Whether these PS antisense DNA oligonucleotides consisted of
modified 2’ nucleosides or what the mechanism of action was has not been described. Next
to AP plaque formation, another prominent feature of Alzheimer disease is aggregation of
microtubule associated protein tau to form intracellular neurofibrillary tangles and glial
tangles *%. For Alzheimer disease and other tauopathies, antisense oligonucleotides have been

applied to reduce expression of the tau protein '**. Tau is encoded by the MAPT gene and several
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Table 2. Antisense oligonucleotide approaches for neurodegenerative disorders.

Oligonucleotide
Target gene  chemistry Mechanism Organism
SMA SMN2 MOE-PS Splicing modulation SMA patients
SMN2 MOE-PS, PMO and Splicing modulation SMA mice and NH
2’0OMe-PS primates
SMN2 PMO Splicing modulation SMA mouse
SMN2 PMO and vivo-PMO  Splicing modulation SMA mouse
SMN2 PMO Splicing modulation SMA mouse
SMN2 20Me-PS, bifunctional Splicing modulation + SMA mouse
recruitment splicing factors
SMN2 MOE-PS Splicing modulation SMA mouse
ALS SOD1 MOE-PS gapmer RNase-H ALS patients
mediated degradation
AChE Oligodeoxynucleotide, RNAse-H SOD1 mouse
3 3’-nucleosides mediated degradation
2’0Ome modified
CI90RF72 MOE-PS gapmer and  RNase-H mediated iPSC differentiated
20Me-PS degradation or steric neurons
hindrance of GGGGCC repeat
C90RF72 MOE-PS gapmer RNase-H Mouse
mediated degradation
SOD1 MOE-PS gapmer RNase-H SOD1 rats
mediated degradation
SOD1 MOE-PS gapmer RNase-H SOD1 rats and rhesus
mediated degradation monkey
GluR3 PNA Not described SOD1 mouse
p75NTR PNA Translational arrest SOD1 mouse
HD Mutant HTT MOE-PS and RNase-H neuronal culture
cEt-PS gapmers mediated degradation
Mutant HTT MOE-PS and RNase-H HD mouse

cEt-PS gapmers

mediated degradation
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Clinical/
Administration Molecular effect Phenotypic effect preclinical Reference
Intrathecal Not tested. Good CSF NA Phase 1 clinical 178
distribution, no serious
adverse events
ICV in mice, Mice: up to 3.5 fold change in NA Preclinical 131
intrathecal in transcript ratio
NH primates  Primate: predicted
therapeutic dose
Icv 8 fold increase SMN2 Lifespan extended from Preclinical 179
protein level 13 to 54 days
ICV and SC 11 fold increase transcript ratio  Lifespan increased by Preclinical 103
60 days
ICV 6 fold increase full length Lifespan extended from Preclinical 102
SMN2 transcript, and 3-fold 15 to >100 days
increase protein
ICV 3.5 fold increase SMN protein Lifespan extended by 8 days Preclinical 180
ICV and SC ICV: 83% exon inclusion in brain ICV: lifespan extended to  Preclinical 181
SC: 47% exon inclusion in brain 16 days
ICV+IP: lifespan extended
to 173 days
Intrathecal Not tested. No serious NA Phase 1 clinical 35
adverse events.
Ip Higher motor neuron count Lifespan extended by Preclinical 182
10 days
NA Reduction in RNA foci and RNA  Mitigation excitotoxicity = Preclinical 141
binding protein aggregation with
both strategies
ICV Reduction COORF72 by 65% in ~ No behavioural deficits Preclinical 142
brain and spinal cord. induced
Icv SOD1 protein reduction by ~40% NA Preclinical 183
Icv Rat: 60% downregulation Lifespan extended by Preclinical 132
SOD1 protein 10 days
P No effect seen at protein level in  Lifespan extended by 10%  Preclinical 184
spinal cord
P Apparent p75NTR Lifespan extended by Preclinical 185
downregulation in spinal cord, ~10 days
though not quantified
bath application Almost complete downregulation NA Preclinical 156
mutant htt protein
ICV 90% reduction mutant htt protein NA Preclinical 87
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Table 2. (continued)

Oligonucleotide
Target gene  chemistry Mechanism Organism
Mutant HTT MOE-PS and RNase-H HD mouse
cEt-PS gapmers mediated degradation
HTT MOE-PS gapmer RNase-H HD mouse
mediated degradation
HTT MOE-PS gapmer RNase-H HD mice, Rhesus monkey
mediated degradation
HTT MOE-PS and RNase-H HD mice
cEt-PS gapmers mediated degradation
HTT PNA and LNA Unknown mechanism, CAG  Fibroblasts
repeat targeting
HTT 20Me-PS Splicing modulation Mouse
AD Mutated APP MOE gapmer RNase-H AD mouse
mediated degradation
GSK-3B PS DNA RNase-H AD mouse

Creutzfeldt- PrPc

Jakob

SCA3 Ataxin-3
Menkes ATP7A
disease

FTD Tau

MOE-PS gapmer

20Me-PS

PMO

20Me-PS and PNA

mediated degradation
RNase-H

mediated degradation
Splicing modulation

Splicing modulation

Splicing modulation

Prion infected mouse

Mouse

Zebrafish

Neuroblastoma cells with
tau minigene

20Me, 2’-O-methyl; AChE, acetylcholinesterase; AD, Alzheimer disease; ALS, amyotrophic lateral sclerosis; APP, amyloid
precursor protein; ATP7A, copper-transporting ATPase 1; cEt, S-constrained-ethyl; CJD, Creutzfeldt-Jakob disease; CSF,
cerebrospinal fluid; FTD, frontotemporal dementia; GluR3, glutamate receptor subunit 3; GSK-3p, glycogen synthase kinase 3;
HD, Huntington disease; HT'T, huntingtin; ICV, Intracerebroventricular; IP, intraperitoneal; iPSC, Induced pluripotent stem cells;
LNA, locked nucleic acid; NA, not assessed; NH, non-human; MOE, 2’-O-methoxy-ethyl; p75NTR, p75 neurotrophin receptor;
PMO, phosphorodiamidate morpholino oligomer; PNA, peptide nucleic acid; PrP, cellular prion protein; PS, phosphorothioate;
SC, subcutaneous; SCA3, spinocerebellar ataxia type 3; SMA, spinal muscular atrophy; SMN2, survival of motor neuron 2; SOD1,

superoxide dismutase 1

PMOs were designed to target MAPT transcripts. In human neuroblastoma cell lines a reduction

of tau protein levels between 50% and 80% was achieved by exon skipping to induce an out-

of-frame deletion in MAPT mRNA '*. Antisense oligonucleotides resulting in steric blockage

of the start codon to block translation initiation were also tested, but were found to be less

efficient in reducing MAPT mRNA expression '*.

An antisense oligonucleotide therapeutic approach that is close to clinical application

in a neurodegenerative disorder has been developed for ALS *. ALS is a progressive
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Clinical/
Administration Molecular effect Phenotypic effect preclinical Reference
ICV 90% reduction mutant htt protein NA Preclinical 158
ICV 50% reduction mutant htt protein Correction of motor and Preclinical 186
psychiatric phenotypes
ICV in mice, Mouse: up to 75% reduction Mouse: motor coordination Preclinical 32
intrathecal in htt protein reverted to normal levels
monkey Monkey: 60% reduction
HTT RNA
Locally in 50% downregulation mutant htt ~ NA Preclinical 157
striatum protein
Transfection Up to ~80% allele specific NA Preclinical 112
downregulation mutant
htt protein
Locally in brain  25% exon skipping HTT mRNA  NA Preclinical 174
ICvV AChE level almost back to normal NA Preclinical 110
Icv ~25% reduction GSK-3f Improved learning Preclinical 187
and memory
ICV Disease causing prion protein Incubation period Preclinical 152
reduced by 90% prolonged by 2 months
ICV 40% exon skipping of NA Preclinical 119
ataxin-3 mRNA
Microinjection ~ ATP7A protein restored to 35% of Melanin pigmentation Preclinical 167
wildtype levels and notochord
abnormalities rescued
Transfection Up to 4 fold change in exon NA Preclinical 171
inclusion

neurodegenerative disorder caused by degeneration of motor neurons in the brain and spinal
cord. This eventually leads to muscle weakening, twitching, and an inability to move the arms,
legs, and body . Only 10% of ALS cases are familial and about 12% of all familial cases are
caused by mutations in the gene that encodes for the enzyme superoxide dismutase 1 (SOD1)
rendering the protein toxic and prone to aggregation '*. The antisense oligonucleotides that
have been used in ALS were designed to lower mRNA levels of the SOD1 transcripts. Continuous

ventricular infusion of MOE-PS gapmer antisense oligonucleotides reduced levels of mutant
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SOD1 in a rodent model of ALS and significantly slowed disease progression '*2. A phase I study
to test the safety of this antisense oligonucleotide in subjects with familial ALS with a SOD1
mutation showed no serious adverse side effects after IT injection into the CSF *. A more recent
development for ALS targets the hexanucleotide repeat expansion (GGGGCC) in the noncoding
region of the CIORF72 gene. This repeat expansion is the most common cause of familial
ALS "8 and although the underlying disease mechanism is not known, the repeat is transcribed
and leads to accumulation of repeat-containing RNA foci in patient tissues '*. This same repeat
expansion also causes frontotemporal dementia (FTD). FTD is characterised by degeneration of
frontal and temporal lobes, leading to changes in personality, behaviour, and language, resulting
in death within 5 to 10 years. FTD and ALS are closely linked and share clinical, pathological,
and genetic characteristics . Various MOE-PS gapmer antisense oligonucleotides, targeting
exon 2 common to all COORF72 transcripts, and others targeting the region in intron 1 adjacent
to the repeat, reduced RNA foci formation in motor neurons differentiated from ALS/FTD
patients-derived fibroblasts and induced pluripotent stem cells '+,

For HD, various antisense oligonucleotides with different modifications and backbones
have been used to lower overall huntingtin protein levels '*%. HD is one of the nine known
polyglutamine (polyQ) disorders, further consisting of the spinocerebellar ataxias (SCAs) 1, 2,
3, 6, 7, and 17), spinal and bulbar muscular atrophy (SBMA) and dentatorubro-pallidoluysian
atrophy (DRPLA). PolyQ disorders are caused by a CAG triplet repeat expansion in different
genes and result in progressive neurodegeneration with psychiatric, cognitive and motor
symptoms . A prominent pathological hallmark of these diseases is the accumulation of
aggregated polyQ proteins in the brain ¢!%. In HD, a generic reduction of huntingtin RNA
of up to 75% using MOE-PS gapmer antisense oligonucleotides was found to be well tolerated
in rodents and non-human primates *2. ICV infusion of MOE-PS antisense oligonucleotides
in transgenic BACHD mice for two weeks targeting both the human huntingtin transgene and
endogenous murine huntingtin resulted in reduced toxicity, extended survival, and significant
improved motor performance up to 8 months post treatment *2. For most of the polyQ disorders,
it is known that the wild-type polyQ-containing proteins have important cellular functions,
and therefore specific lowering of the mutant polyQ protein levels leaving wild-type levels
unchanged, would be favoured over a generic downregulation.

Antisense oligonucleotide-mediated reduction of disease-specific upregulated proteins
has been proposed as potential treatment for multiple sclerosis (MS). MS is an autoimmune
disease of the CNS where multifocal infiltration of autoreactive T lymphocytes across
the BBB takes place. Lymphocytes in MS patients display high levels of a-4 integrin on their
surface ' and this plays an important role in lymphocyte migration to sites of
inflammation *. Decreasing leukocyte trafficking into various organs has been successful

1%, In a commonly used mouse model of

using monoclonal antibodies against a-4 integrin
MS, the experimental autoimmune encephalomyelitis model, antisense oligonucleotide-
induced blocking of a-4 integrin expression reduced the incidence and severity of paralytic
symptoms '*!. The 20-mer antisense oligonucleotides with MOE modifications and a PS

backbone were designed to target a sequence just 3” of the translation start site of the murine
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a-4 integrin mRNA to block its translation. Subcutaneous daily injections reduced a-4 integrin
surface expression. Although the site of action of this particular antisense oligonucleotide is
unknown, it is thought that a-4 integrin levels are reduced in peripheral lymphoid tissue and
this prevents trafficking of activated mononuclear cells into brain and spinal cord **'.

Reducing protein expression by antisense oligonucleotides was recently also shown as
proof-of-principle for patients with Creutzfeldt-Jakob disease (CJD) '*2. CJD is caused by
a conformational change of the harmless cellular prion protein (PrP<) into an infectious and
pathogenic insoluble isoform scrapie PrP (PrP%) and subsequent deposition of extracellular
aggregated prion proteins. The infectious PrP5 has the unique characteristic that it spreads
throughout the brain and can be transmitted between people as well as between different
species . ICV infusion in PrP% infected mice of MOE-PS gapmer antisense oligonucleotides
for 14 days resulted in reduced PrPc as well as reduced disease-causing PrP% levels '*2. This
reduction in disease-causing PrP* is probably not due to decreased PrP<, but due to a, yet

unknown, anti-prion action of PS modified antisense oligonucleotides ** .

SPECIFICALLY TARGETING THE MUTANT TRANSCRIPT

If a therapeutic target protein has important cellular functions and general downregulation
would be detrimental, a specific lowering of the mutation-containing protein is desired. As
described previously, there are several ways to specifically lower mutant transcript and/or
mutant protein levels using antisense oligonucleotides.

Targeting the repeat expansion directly has been proposed as potential treatment for ALS/
FTD %2, Binding of antisense oligonucleotides to intronic sequences exclusively linked to
the GGGGCC hexanucleotide repeat expansion '**
RNA foci formation in ALS/FTD patient-derived neuronal cells. To achieve GGGGCC repeat

specific targeting two mechanisms were proposed: 1) 20Me-PS antisense oligonucleotides that

or to the repeat directly '*! resulted in reduced

disrupt the hairpin structure of the expansion and prevents RNA binding proteins to sequester to
the GGGGCC repeat, and 2) MOE-PS gapmer antisense oligonucleotides that bind to the repeat
and target the mutant COORF72 transcripts for RNase H-mediated RNA degradation ''.

For polyQ disorders the method that has frequently been used is targeting of the common
denominator, the expanded CAG repeat. The mechanism behind this selective silencing is
either due to structural differences between wild-type and expanded CAG-enclosing mRNA, or
because a larger number of CAGs in the expanded repeat provides more binding possibilities for
CAG-targeting oligonucleotides. Single stranded PNAs, LNAs, 20Me-PS, and PMO antisense
oligonucleotides targeting CAG repeats have all been used to specifically reduce expanded CAG-
containing transcripts in vitro in patient-derived fibroblasts "''"'* and in vivo in a transgenic
and a knock-in HD mouse model '**. Although results look promising, some of the antisense
oligonucleotides described here only show proper allele-specificity at longer CAG repeat lengths
that are not very frequent in the patient population. Furthermore, although initial results do
not show unwanted downregulation of other CAG-containing transcripts ', this needs to be

investigated further.
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Another way to design a molecule that can distinguish between the wild-type and expanded
CAG-containing mRNA is to target a SNP that is located on the mutant transcript '* !¢,
Chimeric MOE-PS DNA and cEt antisense oligonucleotides were shown to selectively reduce
mutant huntingtin expression in patient-derived cells **”-'%. A single ICV injection of chimeric
cEt antisense oligonucleotides in a humanized HD mouse model resulted in reduction in
mutant huntingtin expression up to 36 weeks post treatment ¥. Although the allele specificity
with SNP targeting antisense oligonucleotides is very promising, there are some limitations.
The diversity of SNPs within patient populations would make it necessary to develop multiple
oligonucleotides. Furthermore, this approach is not applicable for HD patients that do not
exhibit heterozygosity for the most frequent SNPs in the coding region of the HTT gene.

Another mutant-specific reduction of neurodegenerative disease-causing protein expression
makes use of antisense oligonucleotides that target point mutations. For instance, point
mutations near the B-secretase site in the human gene for APP lead to a dominantly inherited
form of Alzheimer disease '*. In a transgenic mouse model of Alzheimer disease containing
this mutation, translation of the APP mRNA was blocked by MOE-PS gapmer antisense
oligonucleotides that bind specifically to the mutated p-secretase site ''°. Repeated injections
into the third ventricle (once a week for 4 weeks) reduced the levels of toxic Ap, indicating that

this could be a possible strategy to treat familial Alzheimer disease '°.

RESTORING PROTEIN EXPRESSION - INTERFERING WITH
PRE-MRNA SPLICING

The most prominent application of protein modification through antisense oligonucleotides
interfering with pre-mRNA splicing has been researched for SMA. SMA is an autosomal recessive
neuromuscular disorder caused by dysfunction and loss of motor neurons in the anterior horn
of the spinal cord and lower brain stem. The underlying cause of SMA is a homozygous deletion
of SMN1. SMNI1 depletion is not lethal because of the presence of the almost identical SMN2
gene. However, the majority of SMN2 mRNA transcripts lack exon 7, due to a silent mutation
within this exon. This reduces the inclusion of exon 7 which results in a truncated protein and
reduced expression of functional SMN protein '®. Current therapeutic strategies are aimed
at modulating the splicing of SMN2 by blocking exonic splicing silencers (ESS) or intronic
splicing silencers (ISS), thereby increasing exon 7 inclusion. Transfecting fibroblasts with an
antisense oligonucleotide (termed ISS-N1) blocking an ISS in intron 7 of SMN2 resulted in
inclusion of SMN2 exon 7 . Improved efficacy of the antisense oligonucleotide was achieved
by incorporation of a uniform MOE chemistry. A single injection of this MOE-PS antisense
oligonucleotide into the cerebral ventricles in a severe mouse model of SMA showed increased
exon 7 inclusion and SMN protein levels in the spinal cord resulting in increased muscle size
and strength ''. An increased exon 7 inclusion has also been achieved by 20Me-PS antisense
oligonucleotides targeting the 3’ splice site region of exon 8 '®>. These 20Me-PS antisense

oligonucleotides were found to result in exon 7 inclusion and elevated SMN protein expression
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levels in vivo 7', A phase I clinical trial has been completed for SMA using IT injections of
the MOE-PS antisense oligonucleotide targeting exon 7 inclusion *. In the high dose treated
patients, SMN protein levels in the CSF more than doubled and these children showed increased

muscle function scores up to 14 months after the injection ¢

, although these results should
be interpreted with caution because this was an open label study. Currently a phase 2 trial is
ongoing with 6 mg or 12 mg doses of MOE-PS antisense oligonucleotide administered IT on
days 1, 15 and 85 . Interim results show that the MOE-modified antisense oligonucleotide is
also well tolerated after repeated injections '*.

Restoration of protein expression using antisense oligonucleotides is also applied to ataxia-
telangiectasia. The most debilitating feature of ataxia-telangiectasia is the progressive loss of
Purkinje cells in the cerebellum and the accompanying progressive ataxia due to mutations in
the ATM gene (ataxia-telangiectasia mutated). The majority of mutations in the ATM gene are
splice site substitutions that result in the absence of full-length ATM protein '. CPP PMOs
targeting prototypic ATM splicing mutations that activated cryptic splicing sites restored
ATM protein expression in cells '*'. Whilst the CPP PMO was shown to distribute throughout
the mouse brain following repeated IV injection, no phenotypical changes were observed .

In a Menkes disease zebrafish model, correction of the disease phenotype was observed
after PMO microinjection '¥. The fatal neurodegenerative disorder Menkes disease is caused
by varied mutations in the ATP7A gene, resulting in loss-of-function of the transmembrane
copper-transporting P-type ATPase '®. The Menkes disease zebrafish had mutations at the 3
and 5 splice sites of the ATP7A orthologue, resulting in activation of cryptic splice sites and
loss of the protein’s ATPase function '¥’. Various PMOs were investigated for their ability
to rescue aberrant splicing '. However, mutations are distributed throughout the ATP7A
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meaning that many different antisense oligonucleotides would have to be developed to
treat all patients and the clinical use of antisense oligonucleotides for Menkes disease patients

is currently limited.

MODIFYING PROTEIN - REMOVING DISEASE-CAUSING
MUTATION

Antisense oligonucleotides are also used to remove neurodegenerative disease-causing mutations
from genes at the RNA level. Antisense oligonucleotides have been applied to correct the ratio
of tau protein isoforms as potential treatment for FTD 7> 7!, Tau interacts with microtubules
through its microtubule binding repeat domains encoded by exons 9 to 12 "2 Alternative
splicing of exon 10 produces tau isoforms without exon 10 (3R) or with exon 10 (4R). In healthy
human brain the ratio of 4R to 3R tau is generally around 1. Due to 5 splice site mutations in
FTD patients, the ratio 4R to 3R tau is shifted towards more exon 10-containing 4R '73, resulting
in the formation of intracellular neurofibrillary tangles. Co-transfecting MAPT minigenes with
20Me-PS '° or PNA '"! antisense oligonucleotides directed against the 5" splice site of exon

10 prevented exon 10 inclusion and shifted the 4R to 3R tau ratio towards more 3R tau levels.

53



54

In polyQ disorders, exon skipping is applied to modify polyQ proteins to prevent their toxic
gain-of-function. In SCA3, reduction of polyQ toxicity was proposed by removal of the toxic
polyQ repeat from the ataxin-3 protein '*°. By exclusion of exon 9 and the CAG-enclosing
exon 10 from the ataxin-3 pre-mRNA using 20Me-PS antisense oligonucleotides, a modified
ataxin-3 protein was formed that lacked the polyQ repeat and retained important wild-type
functions . For HD, a more indirect antisense oligonucleotide approach to reduce protein
toxicity was proposed '7%. Several studies have implicated the importance of proteolytic cleavage
of mutant huntingtin in HD pathogenesis and it is generally accepted that N-terminal huntingtin
fragments are more toxic than full-length protein '”>'77. Transfection of 20Me-PS antisense
oligonucleotides resulted in skipping of exon 12 in huntingtin pre-mRNA and the appearance
of a shorter huntingtin protein 7. In the 20Me-PS antisense oligonucleotide treated fibroblasts,
after proteolytic cleavage less 586 amino acid N-terminal huntingtin fragments implicated
in HD toxicity was formed '7*. After a single ICV injection of murine 20Me-PS antisense

oligonucleotides, exon skipping of huntingtin and ataxin-3 was shown in the cerebellum '**

and striatum '

of control mice. The advantage of this exon skipping approach is that there
is no reduction in protein levels and the wild-type functions of the proteins likely remain

largely unchanged.

CONCLUSION

The recent advances towards the clinical application of antisense oligonucleotides for
neurodegenerative disorders are encouraging but safe delivery, long term efficacy and side
effects of prolonged treatment still need to be assessed. Also, most studies have been performed
in small animals and delivering high enough doses of antisense oligonucleotides throughout
the much larger human brain will be a challenge. However, the widespread cellular uptake into
brain cells is a major advantage over peripheral antisense oligonucleotide applications. The ease
of delivery of modified antisense oligonucleotides seems to be linked with a lack of any major
adverse side effects, making antisense oligonucleotides suitable candidates as potential treatment
for neurodegenerative diseases. Completed clinical trials on antisense oligonucleotide-mediated
therapies into the CSF reported thus far have been successful and no major adverse events were
reported *>'* bringing this application closer to offer relief to many patients and families that so

far had to do without effective treatment.
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ABSTRACT

Spinocerebellar ataxia type-3 (SCA3) is a neurodegenerative disorder caused by a polyglutamine
repeat expansion in the ataxin-3 protein. Cleavage of mutant ataxin-3 by proteolytic enzymes
yields ataxin-3 fragments containing the polyglutamine stretch. These shorter ataxin-3 fragments
are thought to be involved in SCA3 pathogenesis due to their increased cellular toxicity and
their involvement in formation of the characteristic neuronal aggregates.

As a strategy to prevent formation of toxic cleavage fragments, we investigated an antisense
oligonucleotide-mediated modification of the ataxin-3 pre-mRNA through exon skipping of
exon 8 and 9, resulting in the removal of a central 88 amino acid region of the ataxin-3 protein.
This removed protein region contains several predicted cleavage sites and two ubiquitin-
interacting motifs. In contrast to unmodified mutant ataxin-3, the internally truncated ataxin-3
protein did not give rise to potentially toxic cleavage fragments when incubated with caspases.
In vitro experiments did not show cellular toxicity of the modified ataxin-3 protein. However,
the modified protein was incapable of binding poly-ubiquitin chains, which may interfere with
its normal deubiquitinating function. Low exon skipping efficiencies combined with reduction
in important ataxin-3 protein functions suggest that skipping of exon 8 and 9 is not a viable
therapeutic option for SCA3.



Reducing ataxin-3 cleavage

INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3), or Machado-Joseph disease, is a dominantly inherited
neurodegenerative disorder with an onset around midlife and is characterized mainly by
progressive ataxia affecting balance and gait '. SCA3 belongs to the polyglutamine (polyQ) family
of disorders, which are all caused by expansion of a CAG repeat in the coding region of several
different genes. In SCA3, the CAG repeat expansion is located in exon 10 of the ATXN3 gene.
Healthy individuals have a CAG repeat ranging from 10 to 51, whereas SCA3 patients have an
expansion of 55 repeats or more % The expanded CAG repeat is translated into a polyglutamine
tract in the C-terminal region of the ataxin-3 protein.

Ataxin-3 is ubiquitously expressed, and though peripheral toxicity has been shown in recent
years for polyQ disorders ?, ataxin-3 toxicity occurs mainly in the brain. Neuronal loss is most
prominent in cerebellum, pons and spinal cord '. Ataxin-3 is a deubiquitinating enzyme involved
in the regulation of protein degradation. The C-terminally located ubiquitin-interacting motifs
(UIMs) of ataxin-3 can bind ubiquitin chains and the N-terminal Josephin domain is able to
cleave these bound chains *. The ataxin-3 isoform most abundantly expressed in brain contains
a total of 3 UIMs °. Though the exact cellular mechanisms leading to pathogenesis have not
been fully elucidated, the general consensus is that a gain of toxic function, rather than loss of
wild-type function, is the driving force behind SCA3 disease progression pathology °.

A key role for the initiation of intracellular toxicity in polyglutamine disorders has been
suggested to lie in the proteolytic cleavage of the mutant protein. Proteolytic cleavage can result
in formation of shorter polyglutamine-containing protein fragments that are more toxic than
the full-length protein and are prone to aggregation. Involvement of mutant ataxin-3 fragments
has been suggested for several pathological processes such as: transcriptional deregulation,
proteasomal and mitochondrial impairment, hindered axonal transport and impairment of
autophagy ’. Studies have shown that ataxin-3 can be cleaved by caspases ®° and calpains ™.
These enzymes have several predicted cleavage motifs distributed throughout the ataxin-3
protein, and can hence generate protein fragments of varying sizes. C-terminal ataxin-3
fragments containing the polyQ expansion were detected in a SCA3 mouse model, as well
as in patient brain areas most affected in SCA3, while they were not observed in unaffected
regions or control brain '’ Inhibition of calpain-mediated cleavage resulted in an alleviation of
toxicity in neuroblastoma cells '? as well as in mouse brain, where reduced ataxin-3 aggregation
and nuclear localisation were also observed . These results imply that preventing proteolytic
cleavage of the mutant ataxin-3 protein could reduce its toxicity. However, such general
inhibition of proteolytic enzymes also affects many other pathways in which these enzymes
are involved. A more specific approach to prevent generation of toxic polyQ fragments may
therefore be to render the ataxin-3 protein more resistant to cleavage. One way to achieve this
protein modification is through use of antisense oligonucleotides (AONSs).

AONSs are short synthetic strands of DNA or RNA that can interact with RNA transcripts.
AONSs can act through different mechanisms, depending on the chemical modifications and

design. For instance, transcripts can be broken down through RNAse H-mediated mechanisms.
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Alternatively, by targeting AONs to mask specific splicing signals within exons or introns, exons
can be hidden from the splicing machinery by steric hindrance of SR proteins '*. In this manner,
exons can be targeted for exclusion from the pre-mRNA, resulting in exon skipping '°. When
the RNA reading frame is maintained, a new internally truncated protein can be generated
with this strategy. Use of AONs for disorders of the central nervous system has gained interest
in recent years due to favourable distribution throughout the brain, widespread cellular
uptake and the ability to specifically target single transcripts in monogenic neurodegenerative
diseases '. Additionally, phase 1 clinical trial using intrathecally delivered AONSs for amyotrophic
lateral sclerosis and spinal muscular atrophy showed encouraging results on tolerability and
distribution of AONSs in the central nervous system '8,

In the current study we induce skipping of ATXN3 exons that encode the region of the protein
containing several proteolytic cleavage sites. The aim is to form an internally truncate ataxin-3
protein that is less susceptible to proteolytic cleavage and the formation of toxic protein
fragments. As an assessment of protein function, we determined the ubiquitin-binding capacity
of the modified ataxin-3 protein and established the effect on DNA strand breaks.

A 600 700 800 900
nt 1 : 1 : 1 : 1 )
£ S N
5 » \ \ /5N
ﬁgT/l \\\\___,', \\‘_‘,Jl \\‘____’z"*~./’ Sesel
47 ) 8 <9 )10t
AONs: 85 8.1 8.3 9.1 9.2
8.4 8.2 94 93
B r 1
-1 [UIM1]UMZ2 | -
Calpain motifs: LERVLE MQGSSRNI
Caspase motifs: EAND LDEDEED DMEDEEAD
aa T T T T T T T T T T T T T

190 200 210 220 230 240 250 260 270 280 290 300 310

Figure 1. ATXN3 exon structure and predicted cleavage motifs of ataxin-3. Based on Ensemble transcript
ENST00000558190. (A) Depicted is the exonic splicing enhancer signal (ESE) strength as predicted by
the human splicing finder. The shape of exons represents the influence on the RNA reading frame. Location
of designed antisense oligonucleotides (AONs) against exon 8 and 9 to promote exon-skipping are drawn
to scale. (B) The corresponding ataxin-3 protein region contains ubiquitin interacting motifs (UIMs) 1
and 2. Predicted cleavage sites N-terminal of the polyQ tract as detected for calpain '> and predicted for
caspases ® are shown (not to scale). nt = nucleotides, aa = amino acids.



Reducing ataxin-3 cleavage

MATERIAL AND METHODS
All experiments described here are based on the ataxin-3 isoform RefSeq NM_004993.

Antisense oligonucleotides

Uniformly modified single stranded 2’0O-methyl phosphorothioate AONs of 20 to 23 nucleotides
in length were designed according to previously described guidelines * and are listed in
table 1. AONs were targeted against the most potent exonic splicing enhancer sites as predicted
by the Human Splicing Finder software **. Care was taken to target a partially open secondary
RNA structure of the relevant exon based on m-fold . When possible, RNA hybridization
strength, melting temperature, self-annealing and guanine-cytosine content were kept within

previously described parameters *'.

Cell culture
Control or SCA3 patient-derived fibroblasts (GM02153 and GMO06153 respectively) were

obtained from Coriell Cell Repositories (Camden, USA). Fibroblasts were maintained in
Minimal Essential Medium (MEM) (Gibco, Invitrogen, Carlsbad, USA), containing 15% fetal
bovine serum (FBS) (Clontech, Palo Alto, USA), 1% Glutamax (Gibco), and 100 U/ml penicillin/
streptomycin (Gibco).

Human U20S 2-6-3 cells (kind gift from Dr. S. Janicki) containing 200 copies of a LacO
(256 x)/TetO (96 x)-containing cassette of ~4Mbp ?' were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco), supplemented with 10% FBS, 1% glutamax, and 100 U/ml
penicillin/streptomycin. All cells were grown at 37°C and 5% CO.,.

Human neuroblast SH-SY5Y cells were maintained in a 1:1 mixture of DMEM and HAM’s
F12 medium (Gibco) containing 15% FBS, 1% glutamax and 100 U/ml penicillin/streptomycin.

Table 1. Antisense oligonucleotide sequences.

AON name Sequence (5’ to 3')

AON 8.1 GCCCUCUGCAAAUCCUCCUC
AON 8.2 CUUGCAUACUUAGCUGAAUAGCC
AON 8.3 CUGCUUCCUCAUCUUCCAUG
AON 8.4 CCUCAUCUUCGUCUAACAUUCC
AON 8.5 CACUCGUUCCAGGUCUGUUUU
AON 9.1 GAGAUAUGUUUCUGGAACUACC
AON 9.2 GCUUCUCGUCUCUUCCGAAGC
AON 9.3 CCGAAGCUCUUCUGAAGUAA
AON 94 CCUGAUGUCUGUGUCAUAUCU
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Transfection and RNA analysis

AON transfections were performed as previously described *. In brief, Lipofectamine
transfection reagent (Life Technologies, Paisley, UK) was diluted to 0.3% in MEM without
supplements. A concentration of 200 nM of each AON was added to Optimem transfection
medium (Life technologies) and incubated on cells for 4 hours, after which a 2-4 fold volume
of growth medium containing 5% FBS was added. Plasmid transfections were transfected
similarly to the AONs, but using 0.6% lipofectamine and 1 - 1.5 ug of plasmid DNA per
9.6 cm” well. RNA was typically isolated 24 hours after transfection by trypsinizing (Life
Technologies) cells and collecting the cell pellet. Cells were subsequently lysed and RNA was
extracted using the Reliaprep RNA Cell Miniprep kit (Promega, Madison, USA) according to
the manufacturer’s protocol. Between 200-400 ng RNA was used as input for cDNA synthesis
using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany). cDNA
was synthesized according to manufacturer’s instructions using oligo-dT primers for 45 min
at 50°C. PCR to assess exon skipping was performed using the Expand High Fidelity PCR kit
(Roche), with 1 pl of cDNA as template, 200 uM of each deoxynucleotide, 500 nM forward
(exon 4) and reverse primer (exon 11) (see table 2) (Eurogentec, Liege, Belgium), 1.7 units
expand high-fidelity polymerase and PCR-grade water to a volume of 30 ul. PCR was performed
with a 94°C denaturation step of 2 min., followed by 36 cycles of 15 sec denaturation at 94°C,
30 sec. annealing at 59°C and 80 sec. of elongation at 72°C, followed by a final extension step
of 7 min. at 72°C. To confirm exon skipping, Sanger sequencing was performed by extracting
PCR products from gel using the NucleoSpin Gel & PCR Clean-up kit (Machery Nagel, Diiren,
Germany). The extracted PCR products were subsequently re-amplified, purified and submitted
for Sanger sequencing (Macrogen, Amsterdam, the Netherlands).

Quantitative PCR analysis of exon skip efficiency was performed on exons of the ATXN3
transcript using the SensiMix SYBR & Fluorescein Kit (Bioline, Taunton, USA), with 2 ul of 10x
diluted cDNA, 100nM forward and reverse primer and 4 pl 2x SensiMix SYBR & Fluorescein
in a final reaction volume of 10 pl. The qPCR reaction was performed on the LightCycler 480
(Roche). Initial denaturation was 10 min. at 95°C, followed by 40 cycles of 10 sec. denaturation
at 95°C, annealing at 60°C for 30 sec and elongation at 72°C for 20 sec. Reference genes used
were: B-actin, hypoxanthine-guanine phosphoribosyltransferase (HPRT) and ribosomal protein
L22 (Rpl22). All samples were ran in triplicate. Primers were designed with the help of Primer3

software *

and are listed in table 2. Primer efficiencies were established using LinRegPCR
v2014.0, using raw data amplification curves from the LightCycler software as input. After
baseline correction, transcript level expression values (NO) were calculated and corrected for

reference gene expression as described before *.

Protein isolation and Western blotting
Fibroblasts were harvested 48 hours after AON transfection using 0.5% tripsin/EDTA solution
and pelleted by centrifugation. After washing twice, cells were resuspended in lysis buffer

supplemented with cOmplete EDTA-free protease inhibitors (Roche). Cells were disrupted by
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sonicating three times at an amplitude of 60hz for 5 sec., followed by 30 minutes incubation in
a head-over-head rotor at 4°C. Protein concentrations were determined using the bicinchoninic
acid kit (Thermo Fisher Scientific, Walthma, USA), with bovine serum albumin as a standard.
Protein samples were separated using 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were blotted onto a nitrocellulose membrane using
the Transblot Turbo system (Bio-Rad, Hercules, USA), for 10 min. at 1.3 A. Blocking of
membranes was performed using 5% low fat milk in tris buffered saline (TBS) for 1 hour. Blots
were probed using an antibody specific for the C-terminal region of ataxin-3 (a kind gift from
Dr. T. Schmidt) * at a 1:1000 dilution. As loading control, GAPDH was used and detected
using ab181602 (Abcam, Cambridge, UK) at 1:50.000 dilution. After washing, membranes
were incubated for 1 hour with Odyssey secondary antibodies, goat-anti-mouse IRDye 680RD
or goat-anti-rabbit IRDye 800CW (LI-COR Biosciences, Lincoln, USA) at a 1:5000 dilution.
Bands were visualised using an Odyssey infrared imaging system (LI-COR). Protein bands were
quantified with the Odyssey software version 3.0 using the integrated intensity method.

Plasmids and mutations

Full length and exon 8 and 9 skipped products were obtained by performing PCR using primers
(table 2) specific for the full length ATXN3 transcript. After extracting the PCR products of
interest from agarose gel, the fragments were purified and ligated into the pGEM-T Easy vector
(Promega), using the 5'-A overhangs on the PCR products. Constructs for mutant ataxin-3
were obtained by gene synthesis (Genscript, Piscataway, USA), using a mixture of 71 CAG
and CAA codons instead of the pure CAG tract to improve stability during the sub cloning
process. Plasmids were subsequently digested with NotI and inserted into the PspOMI digested
PacGFP-C1 (Clontech, Mountain View, USA) vector for GFP transfection experiments, or
into the NotlI digested Pet28a vector (Merck Millipore, Billerica, USA) for recombinant
protein production.

Mutations of UIMs and cleavage sites were introduced using the QuickChange II Site Directed
Mutagenesis kit (Agilent Technologies, Waldbronn, Germany) according to manufacturer’s
instructions using primers (table 2) containing the desired mutation or deletion. Mutations
of UIMs 1 and 2 have been described previously *. Predicted caspase sites encoded by exon
8 of ataxin-3 ® were inactivated by replacing aspartic acid amino acids by aspargines. Altered
aspartic acids were: D208, D217, D223, D225, D228, D241, D244 and D248. These 9 mutations
were obtained by gBlock gene synthesis (Integrated DNA technologies, Coralville, USA) of
the ATXN3 cDNA sequence, which was subsequently amplified by PCR and sub-cloned into
the Pet28a vector. mCherry-LacR-RNF8 was generated as described previously #. All constructs

were Sanger sequenced to verify correctness.

Recombinant protein production and purification

Hexa-HIS-tagged ataxin-3 proteins were produced using the Pet28a plasmid in a BL21 E.coli
culture (New England BioLabs, Ipswich, USA). After 4 hours of protein production, bacteria
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were harvested by centrifugation and resuspended in BugBuster Plus (Merck Millipore) protein
extraction reagent. HIS-tagged proteins were then bound using TALON slurry (Clontech) and
finally dialysed overnight against PBS at 4°C.

Proteolytic cleavage assays

Calpain-2 cleavage assays were performed using 75 pmol of HIS-ataxin-3 protein with 15 to
200 ng calpain-2 (Calbiochem, Merck, Darmstadt, Germany) in reaction buffer containing
20 mM HEPES/KOH, pH 7.6, 10 mM KCI, 1.5 mM MgCl,, 1 mM dithiothreitol, and 1 mM
CaCl, ", for a total volume of 50 ul. Caspase cleavage assays were performed with 50 pmol HIS-
ataxin-3 protein with 200 U caspase 1 or caspase 6 (Enzo Life Sciences, Farmingdale, USA) in
a buffer containing 50 mM Hepes, 50 mM NaCl, 10 mM EDTA, 10 mM DTT and 0.1% CHAPS.
Cleavage reactions were incubated for 15 minutes at room temperature, after which reactions
were stopped by addition of 4x Laemmli sample buffer (Bio-Rad) and heating to 100°C for
5 min. Cleavage fragments were identified by 10% SDS-PAGE and PageBlue protein staining
(Thermo-Fisher-Scientific) or Western blotting.

RNF8-based chromatin tethering to assess ubiquitin binding of ATXN3 mutants
U20S 2-6-3 cells *' containing the LacO repeat array were co-transfected with mCherry-LacR-
RNF8 # in combination with GFP-tagged ataxin-3 constructs and grown on 18 mm glass cover
slips (Thermo Fisher Scientific). Cells were fixed after 24 hours using 4% paraformaldehyde,
and washed for 30 minutes using 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, USA) in PBS.
Cover slips were subsequently mounted on microscope slides using 0.002% 4’6-diamidino-2-
phenylindole (DAPI) in 1.3% 1,4-diazabicyclo[2.2.2]octane (DABCO) and stored overnight
at 4°C prior to imaging on a Leica DM-5500B fluorescent microscope (Leica Microsystems,
Buffalo Grove, USA) at 63x magnification. Fluorescent images were obtained from 2 replicate
transfections of a minimum of 50 cells positive for both mCherry-RNF8 and GFP-ataxin-3.
The increase of GFP-ataxin-3 localization at the LacO array was determined by drawing a line
region of interest across the array using LAS AF Lite software (Leica Microsystems), and
subtracting green background fluorescence around the array from the maximum fluorescence
intensity at the LacO array. The obtained value is reported as the increase of GFP signal at
the array for the different GFP ataxin-3 constructs upon tethering of RNFS.

Assessment DNA double-strand breaks

GFP-tagged ataxin-3 constructs were transfected in SH-SY5Y neuroblasts grown on
collagen-coated 18 mm glass cover slips. 24 Hours after transfection, cells were fixed with 4%
paraformaldehyde for 10 minutes and washed with PBS containing 0.5% bovine serum albumin
(Sigma-Aldrich) and 0.15% glycine (Thermo Fisher Scientific) for 15 minutes. Slides were then
incubated with rabbit anti-53BP1 at 1:1000 (Novus Biologicals, Littleton, USA) for 1.5 hours.
After washing, detection was performed by incubation with anti-rabbit IgG Alexa 546 1:1000

(Invitrogen) for 1 hour and mounted with EverBrite hardset mounting medium containing DAPI
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(Biotium, Hayward, USA). Images of >50 cells were obtained the next day using an Axiolmager
M2 (Zeiss, Oberkochen, Germany) equipped with a 63x PLAN APO (1.4 NA) oil-immersion
objective and an HXP 120 metal-halide lamp used for excitation. Foci were quantified using an
Image] custom-made macro as described previously . Only cells expressing the GFP proteins

were included for analysis.

Statistical analysis and calculations

Percentage of protein modification was calculated using the protein band mean Odyssey
application software integrated intensity as follows: intensity modified protein / intensity
all ataxin-3 bands * 100%. Ubiquitin-binding assays and calpain cleavage experiments were
compared using 1 way ANOVA with Dunnet’s multiple comparisons test. A minimum of 50
cells from 2 replicates per construct were included for the ubiquitin-binding assays. Analysis
of calpain-2 cleavage efficiency was derived from a total of 3 replicates. A P value of <0.05 was

considered statistically significant.

RESULTS

Combined exon 8 and 9 skipping results in a modified ataxin-3 A88aa protein
lacking predicted cleavage sites

Here, we devised a therapeutic strategy to remove exons 8 and 9 from ataxin-3 pre-mRNA,
thereby eliminating 5 known or predicted proteolytic cleavage sites from ataxin-3 as depicted
in Figure 1. A total of 9 AONs were designed targeting ATXN3 exon 8 and 9 (table 1) and
transfected in human fibroblasts in order to assess exon skipping efficiency. Using RT-PCR
analysis with primers flanking the targeted exons, we determined that candidate AON 8.3 and
9.1 produced the most efficient skipping of exon 8 or 9, respectively (Figure 2a). These AONs
were subsequently tested in combination to induce simultaneous skipping of both exons. Sanger
sequencing confirmed an in-frame ATXN3 fragment where exon 7 was linked to exon 10. gPCR
analysis showed that the most efficient AON combination, AON 8.3 and 9.1, induced up to 25%
RNA modification (Figure 2a) following a single transfection. Transfection of AONs 8.3 and
9.1 did not only result in a double skip of exon 8 and 9, but also in a single skip of exon 8 (167
bp). This is predicted to be a target for nonsense-mediated decay '* and therefore likely does not
result in protein production. Single skipping of exon 9 (97 bp) was also observed for both alleles.
This would lead to a reading-frame shift of exon 10 and potentially a novel protein product, but
we did not detect this hypothetical protein in our western blot analysis (data not shown).

To determine the percentage of ataxin-3 protein modification after AON transfection in
human fibroblasts, protein was isolated 48 hours after transfection. Following SDS-PAGE and
western blotting, ataxin-3 protein was detected using an antibody specific to the C-terminal
ataxin-3 region containing UIM3 (Figure 2b). Two modified ataxin-3 proteins (ataxin-3 A88aa)
of the expected size were detected at 34 and 40 kDa, corresponding to ataxin-3 derived from
both alleles and lacking 88 amino acids (V204 to K291) with a maximum of 14% ataxin-3
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protein modification. The C-terminal antibody was still capable of binding the modified
protein, showing that there was no shift in the RNA reading frame after skipping of the two
exons. Additionally, the modified protein was not detected with antibody 1H9, that recognizes
ataxin-3 amino acids E214 to L233. This epitope is in the region of ataxin-3 that is not present

after exon skipping again confirming exon skipping after AON transfection.

Modified ataxin-3 A88aa protein is still cleaved by calpain-2

A total of 3 caspase and 2 calpain cleavage motifs associated with polyQ toxicity are predicted
to be located in the 88 amino acid region encoded by ATXN3 exon 8 and 9 (Figure 1). We
hypothesized that the ataxin-3 A88aa protein lacking these 5 cleavage sites would be resistant
to cleavage by caspases and calpains. In order to assess cleavage of ataxin-3 A88aa by caspases
and calpains, we incubated purified recombinant ataxin-3 A88aa with caspases 1, 3 and 6
and calpain-2. Calpain-2 cleavage of ataxin-3 was more efficient compared to the caspases
tested (Figure 3a). Within 15 minutes of incubating 15 pmol ataxin-3 with calpain-2 at room
temperature, all full-length protein was cleaved. Despite this efficient cleavage, few ataxin-3
fragments were detectable with PageBlue staining. This indicates that under these conditions
calpain-2 does not generate a specific preferential cleavage fragment, or generates many
fragments too small for detection. No difference in the rate of proteolytic cleavage between
ataxin-3 A88aa and unmodified ataxin-3 was observed (Figure 3b). Together, this shows that
ataxin-3 A88aa, despite lacking predicted calpain-2 motifs 2LERVLE** and *’MQGSSRNI**,
is efficiently cleaved by calpain-2.

AONs  AONs AONs  AONs
1000bp - q kDa mock  8.3+9.1 8.3+9.2 8.3+9.4 84+9.4
q{ 55—
JAtaxin-S
500bp - 43— (10-30 Q)
AON: mock 81 82 83 84 85 91 92 93 94
34| | Ataxin-3 Ag8aa
1000bp - 4
< —
34— GAPDH
500bp - exon 8+9
i LK‘D 04%  28% 4.1% 12.3% 86%  %RNAskip
AON1: mock 83 83 83 83 84 84 84 84 9% protein
AON 2: 91 92 93 94 91 92 93 94 0% 13% 2.5% 48%  41%  modification

Figure 2. Ataxin-3 exon skipping in human fibroblasts. Control and SCA3 patient derived human
fibroblasts were transfected with AONs complementary to exon 8 or 9 of ATXN3. (A) Screening of
individual AONs for exon skipping activity at RNA level in SCA3 derived fibroblasts (white arrowhead =
ATXN3 71 CAG, black arrowhead = ATXN3 10 CAG). For both the mutant and wild-type allele, the PCR
product representing the single exon 8 skip is indicated with an asterix. Single exon 9 skip is indicated
with an arrow. Combination of AONs for exon 8 and 9 were tested for simultaneous exon skipping (lower
panel). (B) AON induced ataxin-3 protein modification. The most optimal AONs identified by the RNA
screening were transfected in control fibroblasts and subjected to western blot analysis and anti-ataxin-3
probing. Percentage of exon skipping on RNA level as determined by qPCR and corresponding percentage
of modification on protein level are indicated below.
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Upon overnight incubation with caspase-1, similar cleavage fragments were observed
for wild-type ataxin-3 (10Q) and mutant ataxin-3 (71Q), with the most prominent fragment
corresponding to a ~28 kDa N-terminal fragment of ataxin-3 (Figure 3c). This finding was
confirmed by western blotting with an antibody that recognizes the N-terminal T7 tag of
the proteins. In case of ataxin-3 71Q, an additional ~42 kDa protein fragment was observed,
likely corresponding to the C-terminal polyQ-containing fragment. Importantly, in the caspase-1
assay the corresponding ~28 and 42 kDa fragments were not observed for ataxin-3 A88aa with
either 10 or 71 glutamines, indicating that the caspase-1 cleavage site was absent in the modified
ataxin-3 protein.

The caspase-6 assay yielded similar results compared to caspase-1, with the N-terminal
~28 kDa fragment being the most prominent (Figure 3d). The caspase-3 assay yielded
different protein fragments. In this case, an N-terminal fragment of ~39 kDa was most evident
(Figure 3e). Probing with either a C-terminal antibody or 1C2, specific for the polyQ repeat, did
not reveal the corresponding C-terminal protein fragment indicating the C-terminal fragment
might be subject to further cleavage by caspase-3, rendering the fragment too small to be visible
on the gel. However, due to inefficient cleavage by caspase-3 resulting only in small amounts
of cleavage product, it is also possible that the C-terminal polyQ containing fragment was not

abundant enough to be detected in these experiments.

Absence of ataxin-3 UIMs 1 and 2 shows reduced binding of ubiquitin chains
In order to establish whether ataxin-3 A88aa was able to bind ubiquitin chains through UIM3,

we used a tethering approach to assess binding of ataxin-3 to locally induced ubiquitin moieties

Figure 3. Modified ataxin-3 is cleaved less efficient by several caspases. (A) Formation of smaller ataxin-3
protein fragments are observed with increasing doses of calpain-2. Wild-type (10Q) and mutant (71Q)
ataxin-3 were used either unmodified or lacking the targeted 88-amino acid region (A88aa). Ataxin-3 with
a deletion of the previously identified calpain cleavage site (AL255-G260) was used as a control protein.
There is a rapid decrease in full length protein and appearance of shorter protein fragments with increasing
concentrations of calpain-2. After calpain-2 incubation, ataxin-3 A88aa with 10 and 71Q gives rise to a ~4
kDa smaller N-terminal fragment with PageBlue staining that is not observed for the wild-type protein. All
fragments identified with Page Blue were positive when stained with an antibody against the N-terminal
T7 tag (lower panels). Ataxin-3 AL255-G260 was cleaved similar to wild-type ataxin-3. (B) Quantification
of uncleaved band intensity from (A) using Odyssey software. No significant differences were observed
between rate of cleavage of ataxin-3 A88aa and the full length ataxin-3 protein variants. (C) Caspase-1
mediated cleavage of ataxin-3 resulted in a similar ~30 kDa N-terminal fragment for 10Q and 71Q ataxin-3
as indicated with the arrow. The corresponding C-terminal polyQ containing fragment (indicated with
asterix) was detectable for ataxin-3 71Q. Upon removal of the 88aa neither cleavage fragment was observed
for both 10Q and 71Q proteins, indicating the responsible caspases cleavage site is located in the targeted
88aa region. Bars depict mean and SE. (D) Overnight incubation with caspase-3 results in the appearance
of a faint fragment of similar size for unmodified ataxin-3 10Q and 71Q, but also the proteins lacking 88aa.
(E) Fragments of similar size for ataxin-3 10Q and 71Q were observed after incubation with caspase-6.
Removal of 88aa prevented formation of this fragment, similar to ataxin-3 where the caspase cleavage sites
were individually mutated.



ataxin-3

ataxin-3

Reducing ataxin-3 cleavage

. . ataxin-3 10Q
\0a ataxin-3 71Q A88aa 71Q \Da ataxin-3 10Q A88aa 10Q 0a  DL255-G260
calpain-2 calpain-2 calpain-2
95— 200 30 15 0 200 30 15 0 =(ng) 95— 200 30 15 0 200 30 15 0 ~(ng 95— 200 30 15 o =(ng)
72— 2= 72—
55— - 55— 55—
43—
43~ 43—
34— -
34— 34—
- - 26— - 3
26— 17- 26—
PageBlue PageBlue PageBlue
55—
55 = 43 =
- 34— - -
-«
26— 26 -
@-T7 tag o-T7 tag
B & Q S S A88aa A88aa caspase
o 2SS o288 o @S SIS C -
sesf ses8f Sesd Ses8§ e M _10Q 710 7IQ  mutations
100+ 95 —
+ + + + + - caspase 1
72 =
2
£ 55—
-
g 43— «*
o
© 50 34—
<
£ -
3 26—
©
ES
17 =
0-
KN\ e Q,\QO s @1\0 PageBlue
22 22
W W
D A88aa A88aa caspase E A88aa A88aa caspase
«Da 10Q 10Q 71Q 71Q mutations 10Q 10Q 71Q 71Q mutations
kDa
95— + + + + +  -caspase3 95— + + + + + - caspase 6
72 = 72 =
55 — 55 —
43 =
43 =
- - - 34—
34— - -

26 —

26 —

PageBlue PageBlue

on chromatin ?. To this end, 2-6-3 U20S cells containing a stably integrated repeat array of

the bacterial lactose operator (LacO) sequence *

were used. A fusion protein consisting of
red-fluorescent protein mCherry, the RNF8 E3 ubiquitin ligase and the Escherichia coli lactose
repressor (LacR) protein (mCherry-LacR-RNF8) was expressed in these cells, resulting in
the tethering of the LacR-fusion protein to the LacO array and the local ubiquitylation of
chromatin (Figure 4b) %. Co-expression of GFP-tagged wild-type ataxin-3 (10Q) in these cells
revealed recruitment of ataxin-3 (Figure 4c-d) to ubiquitin conjugates at the LacO array. In
contrast, ataxin-3 that contained point mutations in all 3 UIMs (L229A, L249A and L340A)
was unable to associate with RNF8-mediated ubiquitin chains in this cell system, indicating
that the recruitment of ataxin-3 to the array is mediated by its binding to poly-ubiquitin chains.
Ataxin-3 containing the 71Q expansion associated with RNF8-mediated ubiquitin chains with
similar efficiency as wild-type ataxin-3 (10Q), indicating that the expanded polyQ stretch does
not affect the ubiquitin-binding activity of ataxin-3. However, ataxin-3 A88aa with either 10Q or
71Q, failed to associate with RNF8-induced ubiquitin chains, indicating that the A88aa region
containing UIMs 1 and 2 is essential for ubiquitin binding.
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Figure 4. Modified ataxin-3 shows reduced binding of ubiquitin chains. (A) Schematic representation of
ataxin-3 GFP-tagged proteins used for assessment of ubiquitin-binding with relevant functional domains
depicted (not drawn to scale). For ataxin-3 AUIMs 1-3, the three UIMs were inactivated by point mutations.
RENS ubiquitin ligase contained an N-terminal mCherry-LacR tag to enable visualization and targeting
to the LacO array. (B) Representation of the histone ubiquitylation approach. A lacO repeat integrated
into the genome of 2-6-3 U20S cells allows targeting of the LacR-RNF8 fusion protein to the genomic
LacO array, leading to localized chromatin ubiquitylation, which is bound by Ataxin-3. (C) Representative
fluorescent images from transfected 2-6-3 U20S cells expressing mCherry-LacR-RNF8 (red) and GFP-
tagged Ataxin-3 proteins (green) . Scale bar 10 um (D) Quantification of ataxin-3 localisation at the LacO
repeat. Increase in GFP signal at the site of mCherry signal signifies association of ataxin-3 with ubiquitin
chains. Displayed values are the mean of 2 independent experiments in more than 50 cells per condition. *
P <0.0001, bars depict mean and SE.

Ataxin-3 A88aa does not result in increased double stranded DNA breaks

Recently it was shown that the expression of polyQ-expanded ataxin-3 can lead to genomic
DNA damage in neuroblasts through inactivation of polynucleotide kinase 3’-phosphatase
(PNKP) 2. It was established that PNKP directly interacts with ataxin-3, but PNKP activity
was specifically inhibited when ataxin-3 contained a 84 polyQ stretch. PNKP has a function
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in the repair of DNA double-strand breaks (DSBs) %, and its inactivation led to an increase in
the accumulation of 53BP1 and yH2AX, which are key factors involved in the DSB response,
into cytologically discernable foci containing DNA breaks . In order to assess whether this
DNA damage phenotype could be alleviated by removal of the 88aa, we expressed GFP tagged
full-length ataxin-3 and ataxin-3 A88aa with either 10Q or 71Q in SH-SY-5Y neuroblasts and
quantitatively assessed the number of 53BP1 foci in GFP-positive cells. The number of 53BP1
foci was not increased in cells expressing ataxin-3 71Q compared to ataxin-3 10Q, indicating
a similar level of DSBs (Figure 5b). Proper expression of the GFP-tagged ataxin-3 proteins
was confirmed by western blot analysis (data not shown), showing that the expressed proteins
contained both GFP and the polyQ stretch. For cells expressing the ataxin-3 A88aa with either
10Q or 71Q, no significant increase in 53BP1 foci was observed, indicating that there was no

gain of toxic function for these proteins with regards to triggering genomic DNA damage.

DISCUSSION

Calpain-2 and caspase-mediated cleavage of ataxin-3 has been extensively investigated and is
suggested to play a central role in polyQ mediated toxicity !> !> !>24 In the current study we
confirmed the proteolytic cleavage of ataxin-3 by caspases and calpain-2, which is known to
result in the formation of ataxin-3 fragments that can result in toxic and aggregation-prone
expanded polyQ-containing fragments . Indeed, in vivo experiments in which a mutant
ataxin-3 fragment corresponding to a cleavage fragment around amino acids 221 or 260 was
expressed in mice resulted in an aggravated neurologic phenotype *''. AON-mediated removal

of a central 88 amino acids region from ataxin-3 yielded a modified ataxin-3 protein predicted

FP 1
Gl 53bp1 53bp 10

GFP
| [ T L |

53bp1 foci per cell

Figure 5. Expanded and modified ataxin-3 do not induce DNA strand breaks in neuroblasts. (A) SH-SY-5Y
neuroblast cells transfected with GFP-ataxin-3 constructs were stained for the DNA double strand break
marker 53BP1. (B) Quantification of 53BP1 foci in cells from A (> 50 cells per condition), mean and
SE depicted.
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to be less prone to proteolytic cleavage and thus less toxic. When tested in proteolytic cleavage
assays, the A88aa ataxin-3 protein did not prove more resistant to calpain-2 cleavage. However,
A88aa ataxin-3 did prove less sensitive to cleavage by caspases 1, 3 and 6, and formation of
the polyQ-containing fragment was abolished.

The A88aa ataxin-3 protein lacks 5 out of the 9 predicted caspase cleavage sites 8. Pinpointing
the exact calpain cleavage sites is more difficult because the mechanisms underlying substrate
recognition by calpains are currently poorly understood. Based on experimental evidence, an
important calpain cleavage site is thought to be located around amino acid 260 '2. Due to their
close upstream proximity to the polyQ repeat, both the calpain and caspase cleavage sites in
the central 88 amino acids region of ataxin-3 are in a key position to generate a truncated polyQ
containing fragment.

The calpain-2 cleavage assays performed here showed complete proteolysis of all tested
ataxin-3 proteins at relatively low calpain concentrations, indicating that other cleavage motifs
in the protein are used by calpain-2 when the central 88 amino acids are absent. We did not
observe the toxic calpain-derived C-terminal fragment previously described in a cellular
context ** %, but this could be due to methodological differences since we used purified proteins
in our cleavage assay while Haacke and colleagues used a cell model. Using in vitro cleavage
assays with purified caspases 1 and 6, we observed a different cleavage profile for ataxin-3
A88aa when compared to wild-type ataxin-3. Specifically, a prominent N-terminal fragment of
approximately 30 kDa in size was no longer generated when incubated with caspase-1 and 6.
Importantly, a 43 kDa polyQ-containing fragment was also abrogated in the case of the mutant
ataxin-3 protein containing 71 glutamines. An ataxin-3 protein in which all predicted caspase
cleavage sites were mutated also did not generate ataxin-3 cleavage fragments, indicating that
the observed differences in proteolysis are likely the result of absence of cleavage motifs. In
line with previous research, there was no increased caspase-mediated cleavage of expanded
ataxin-3 compared to non-expanded ataxin-3. Whether caspase-mediated ataxin-3 cleavage is
indeed a major contributor to SCA3 pathogenesis remains to be determined through future
in vivo experiments.

In silico predictions using Cascleave * software for A88aa ataxin-3 did not reveal generation
of novel caspase cleavage motifs. In line with the increased resistance to caspase cleavage, we
expected A88aa ataxin-3 to be less prone to calpain-2 cleavage as it lacks two key experimentally
confirmed calpain-2 cleavage sites (Figure 1a) '2. It is therefore unexpected that the calpain-2
cleavage rates of A88aa ataxin-3 were identical to ataxin-3 13Q (Figure 3b). This discrepancy
between the two families of proteolytic enzymes can likely be explained by their mechanisms of
substrate recognition. Substrate specificity of caspases has been extensively investigated, and is
known to be highly dependent on specific peptide sequences *. In contrast to caspases, amino
acid sequences around calpain cleavage sites are very diverse, and cleavage is likely also reliant
on secondary and higher order structures *°, making in silico prediction of calpain cleavage
difficult. The comparable calpain-2 cleavage efficiency of A88aa ataxin-3 and wildtype ataxin-3
may hence be explained by previous observations, where amino acid substitutions at key

positions in calpain substrates led to cleavage of adjacent sites *.
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The A88aa ataxin-3 protein we describe here lacks UIMs 1 and 2, which are known to
play a key role in the ubiquitin-binding function and specificity of ataxin-3 *?. We show
that the remaining third UIM is unable to bind poly-ubiquitin chains using a cell system
with localised chromatin ubiquitylation *° This observation is in line with a previously
proposed functional model of ataxin-3, where the first 2 UIMs position ubiquitin chains to
the catalytic Josephin domain in a linear fashion ?%. Additionally, as the valosin-containing
protein (VCP) binding site is absent in A88aa ataxin-3, it may be useful to assess the effect
of loss of VCP interaction in future experiments. VCP is described to be involved in ataxin-3
fibrillogenesis , but also likely has a functional effect on the retrotranslocation of endoplasmic
reticulum-associated degradation (ERAD) substrates * as well as ataxin-3 activation **.

Recently it was shown that ataxin-3 interacts with the DNA end-processing enzyme PNKP.
Interestingly, it was shown that wild-type ataxin-3 led to stimulation of PNKP, whereas expanded
ataxin-3 led to inhibition *»32. PNKP has a crucial role in the initiation of DNA strand breaks
through catalysing the restoration of 5’-phosphate and 3’-hydroxyl termini and interacting with
other DNA repair proteins *»*. Hence, PNKP inactivation by expanded ataxin-3 may serve
an important role in SCA3 pathogenesis, especially given the fact that the nervous system is
particularly sensitive to DNA damage compared to other tissues *. It has been suggested that
the PNKP inactivation by mutant ataxin-3 might in part be explained by its recruitment in
polyQ aggregates 2. Formation of polyQ aggregates, in turn, may be dependent on ataxin-3
cleavage and formation of short protein fragments containing the polyQ tract.

When expressing the A88aa ataxin-3 proteins, we did not observe an increase in
the spontaneous formation of 53BP1 foci, which is a marker for DNA damage. However, we could
not reproduce the previously reported ataxin-3-induced DNA damage phenotype in neuroblast
cells 2. One explanation for this discrepancy may lie in the fact that Gao and colleagues used
an ataxin-3 protein with a slightly longer polyQ stretch (84Q) and used differentiated SY5Y
neuroblast cells. Differentiation leads to alteration in cellular bioenergetics and oxidative stress
response ** with increased oxidative vulnerability * in these cells. It may therefore be useful to
test the effect of ataxin-3 A88aa expression in differentiated neuroblasts in future experiments.

Our initial aim was to assess the therapeutic potential of AON-mediated removal of
proteolytic cleavage sites of ataxin-3 for SCA3. Several advantages for the therapeutic use of
AON:s in the brain and central nervous system have been found over the years. These include:
good distribution following infusion in the cerebrospinal fluid, excellent uptake in neurons and
glial cells, high stability with half-lives of several months in the rodent brain and no adverse
events in the clinical trials conducted thus far ' . The AONs we describe in the current
study likely do not provide a high enough level of ataxin-3 protein modification to be able
to assess the influence of removal of these proteolytic cleavage sites from ataxin-3 on SCA3
neuropathology in vivo. Future studies could optimise the AON sequences against ATXN3
exons 8 and 9 to provide a higher level of splicing modification prior to testing in vivo. AON
potency may further benefit from more recent chemical modifications, which especially in vivo
may yield significantly improved stability and potency (reviewed in '¢). Furthermore, the effect

of the proposed protein modification on ataxin-3 functioning is an important consideration.
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Taken together, the fact that the AONs provide a low level of protein modification combined
with the fact that ataxin-3 ubiquitin-binding function is reduced show that this approach is
likely not an optimal therapeutic strategy for SCA3.
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ABSTRACT
Background

Spinocerebellar ataxia type 3 (SCA3) is a progressive neurodegenerative disorder caused by
expansion of the polyglutamine repeat in the ataxin-3 protein. Expression of mutant ataxin-3
is known to result in transcriptional dysregulation, which can contribute to the cellular toxicity
and neurodegeneration. Since the exact causative mechanisms underlying this process have not
been fully elucidated, gene expression analyses in brains of transgenic SCA3 mouse models may

provide useful insights.

Methods

Here we characterised the MJD84.2 SCA3 mouse model expressing the mutant human ataxin-3
gene using a multi-omics approach on brain and blood. Gene expression changes in brainstem,
cerebellum, striatum and cortex were used to study pathological changes in brain, while blood

gene expression and metabolites/lipids levels were examined as potential biomarkers for disease.

Results

Despite normal motor performance at 17.5 months of age, presymptomatic transcriptional
changes in brain tissue of the SCA3 mice were observed. Most transcriptional changes occurred
in brainstem and striatum, whilst cerebellum and cortex were only modestly affected. The most
significantly altered genes in SCA3 mouse brain were Tmc3, Zfp488, Car2, and Chdh. Based on
the transcriptional changes, a-adrenergic and CREB pathways were most consistently altered
for combined analysis of the four brain regions. When examining individual brain regions, axon
guidance and synaptic transmission pathways were most strongly altered in striatum, whilst
brainstem presented with strongest alterations in the pi-3k cascade and cholesterol biosynthesis
pathways. Similar to other neurodegenerative diseases, reduced levels of tryptophan and

increased levels of ceramides, di- and triglycerides were observed in SCA3 mouse blood.

Conclusions

The observed presymptomatic transcriptional changes in SCA3 mouse brain reveal parallels
with previous reported neuropathology in patients, but also shows brain region specific effects

as well as involvement of adrenergic signalling and CREB pathway changes in SCA3.
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BACKGROUND
Spinocerebellar ataxia type 3 (SCA3), also known as Machado Joseph Disease (M]D), is

a progressive neurodegenerative disorder, with symptoms usually presenting around midlife.
SCA3 is the most common of the dominantly inherited ataxias and is caused by a CAG repeat
expansion in the ATXN3 gene '. The CAG repeat is translated into a polyglutamine (polyQ)
stretch in the ataxin-3 protein, which upon mutational expansion to 56 — 84 glutamines results
in a gain of toxic protein function % This protein toxicity mostly shows its effects in the brain,
and neuronal loss in SCA3 has been reported predominantly in the brainstem, cerebellum
(spinocerebellar pathways and dentate nucleus), striatum, thalamus, substantia nigra and
pontine nuclei *. Over time, the neuronal loss causes clinical symptoms in SCA3 patients such
as progressive ataxia, dystonia, spasticity, and various other symptoms (reviewed in ').

The molecular mechanisms of mutant ataxin-3 toxicity have been the subject of extensive
research, and a range of cellular changes have been suggested to contribute to toxicity. These
include aggregation and nuclear localisation of expanded ataxin-3 protein *°, impaired protein
degradation °, mitochondrial dysfunction 7 and transcriptional deregulation ®. Transcriptional
deregulation may arise due to sequestration of transcription factors such as TATA-box binding
protein ° and CREB binding protein (CBP) ' into the polyQ aggregates, thereby interfering with
their function. Previous gene expression studies have identified altered inflammatory processes,
cell signalling and cell surface associated genes in cell and conditional animal models of
SCA3 #1112 Despite these recent advances in SCA3 pathogenicity, it is currently still not fully
elucidated which molecular mechanisms are altered in response to mutant ataxin-3. For this
reason, it is useful to examine genetic mouse models of SCA3 for transcriptional changes that
occur in different regions of the brain to infer causative disease mechanisms .

Apart from gaining insight into disease mechanisms, transcriptional changes may also be
potentially useful as biomarkers to track disease progression in SCA3. Since it is not possible
to study longitudinal gene expression changes in human brain tissue, it is useful to establish
potential transcriptional changes in peripheral tissues such as blood. In addition, metabolite
and lipid changes in blood can also be used as easily obtainable biomarkers, and can potentially
be used to track disease progression . Previous research by our group has shown that there are
common gene expression signatures in blood and brain of patients with Huntington disease *°.
Since patient material is not readily available, genetic SCA3 mouse models are a good starting
point to identify such potential disease biomarkers.

In this study, we set out to identify the molecular mechanisms involved in SCA3 pathology.
Current next-generation sequencing techniques provide an attractive means to objectively
study the transcriptome and allow for very sensitive and accurate assessment of changes in gene
expression. As such, we performed RNA sequencing of brain and blood from the hemizygous
MJD84.2 mouse model of SCA3, which ubiquitously expresses the full human ATXN3 gene
with 84 CAGs '® and gene expression analysis was performed in 4 different regions of the brain.

Additionally, blood samples from the mice were subjected to RNA sequencing and serum
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was used for metabolomic and lipidomic analysis to identify potential biomarkers capable of
tracking disease progression.

We found that the MJD84.2 mice presented with reduced bodyweight compared to wild-
type, but did not develop motor symptoms even at 17.5 months of age. Gene expression changes
in blood were also not pronounced, with pathway analysis suggesting respiratory electron
transport and mitochondrial function to be affected. In parallel to other neurodegenerative
disorders, further metabolomic and lipidomic analyses of blood revealed decreased tryptophan
and increased levels of a di- and triglycerides and ceramides in SCA3 mice. In contrast to blood,
transcriptional changes were readily detected in brain, with the highest number of differentially
expressed genes in brainstem and striatum. Somewhat surprisingly, the cerebellum was affected
to a smaller extent compared to these two brain regions. The main deregulated pathways in
brain were cellular signalling pathways (a-adrenergic and CREB signalling) and pathways
related to synaptic transmission. This study hence provides additional evidence for affected
CREB signalling in SCA3 and suggests affected neurotransmission pathways, particularly in
striatum. These transcriptional changes most likely represent the early state molecular alterations

associated with SCA3 pathology.

METHODS

SCA3 mice and tissue sampling

MJD84.2 transgenic SCA3 mice '® and wild-type C57BL/6 mice were obtained from Jackson
Laboratories (Bar Harbor, Maine, USA). All animal experiments were carried out in accordance
with European Communities Council Directive 2010/63/EU and were approved by the Leiden
University animal ethical committee. Breeding was performed by crossing hemizygous SCA3
mice with wild-types. ATXN3 CAG repeat lengths were verified for each mouse through gene
fragment analysis, using human specific primers (Table S1) flanking the CAG repeat similar to
described previously 7. Human ATXN3 repeat lengths were 76 or 77 for all transgenic mice.
Only male mice were used, and a total of 8 transgenic and 8 wild-type mice were included in
the experiment (Table 1), though 2 transgenic mice did not survive to the end of the study. Mice
were group housed in individually ventilated cages with food and drinking water available ad
libitum. Blood samples for metabolomic analyses were obtained at 4, 12 and 16 months of age
from 4 wild-type and 4 SCA3 mice. Animals were fasted 4 hours prior to obtaining 200 ul blood
through tail cut and collection in heparin lithium tubes. Tubes were immediately spun down
at 18,000 x g and the supernatant (plasma) was stored at -80°C. For RNA sequencing, 200 ul
of blood was obtained by tail cut at 9 months and 17.5 months of age. Blood samples for RNA
sequencing were collected in RNAprotect animal blood tubes (Qiagen) following manufacturer’s
instructions, stored overnight at 4°C and subsequently frozen at -80°C until RNA isolation. At
17.5 months of age, mice were sacrificed and brainstem, cerebellum, striatum and cortex were

dissected, snap-frozen in liquid nitrogen and stored at -80°C.
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Behavioural testing

To assess the motor phenotype and coordination of the mice, rotarod and beamwalk tests
were performed. The rotarod (Ugo Basile, Italy) accelerated from 5 to 45 rpm within 15 s and
the latency to fall from the rod was used as measure of motor performance. On a testing day,
the rotarod test was performed in 3 consecutive trials, and the average time to fall in seconds
was reported. The beamwalk balance test consisted of 2 boxes (20 x 20 x 20 cm) elevated at 53
cm height and connected by a plastic cylindrical bar of ¢ 10 mm or ¢ 30 mm and 80 cm long.
Mice were placed in the transparent elevated box and crossed the bar to an enclosed dark box.
The average latency to cross from 3 trials per testing day is reported. The beamwalk test was
performed when the mice were 4, 6, 7.5, 9 and 12 months of age. The rotarod test was performed

at the same time points, with an extra assessment at 17.5 months.

Metabolite profiling in plasma

Analysis of the plasma samples was performed by Profilomics (Gif-sur-Yvette, France). For
extraction of metabolites, 15 pL plasma sample was treated with 60 pL of methanol with
a mixture of internal standards. Protein was precipitated at 4°C, centrifuged and supernatants
were dried under nitrogen. Samples were then resuspended in ammonium carbonate 10mM
pH10.5/AcN 40:60 (v/v). Chromatography settings for LC-HRMS were followed as outlined
by Boudah et al *®. Plasma extracts were separated on a HTC PAL-system (CTC Analytics
AG, Zwingen, Switzerland) coupled with a Transcend 1250 liquid chromatographic system
(ThermoFisher Scientific, Les Ulis, France) using an aSequant ZICpHILIC 5 pum, 2.1 x 150 mm
at 15°C (Merck, Darmstadt, Germany). After injecting 10 pL of sample, the column effluent
was directly introduced into the heated Electrospray (HESI) source of a Q-Exactive mass
spectrometer (Thermo Scientific, San Jose, CA) and analysis was performed in both ionization
modes. Identification of molecules was performed using TraceFinder3.1 software (ThermoFisher
Scientific, Les Ulis, France). The dataset was filtered and cleaned based on quality control

samples as described by Dunn et al .

Lipid profiling in plasma

Analysis of lipids in plasma was performed on identical samples as described for the metabolite
analysis. Lipid analyses were performed at Profilomics (Gif-sur-Yvette, France), in accordance
with previously described methods %°. In brief, 50 uL of plasma was added to 245 puL of CHCI3/
MeOH 1:1 (v/v) and 5 pL of internal standard mixture. Extraction was performed after 2 h
at 4°C and centrifugation at 15,000 x g for 10 min at 4°C. The upper phase (aqueous phase),
containing ganglioside species and several lysophospholipids, was transferred and dried under
a stream of nitrogen. The protein interphase was discarded and the lower rich-lipid phase
(organic phase) was pooled with the dried upper phase. Samples were then reconstituted in 50
ul CHCI3/MeOH 1:1, vortexed for 30 s, sonicated for 60 s and diluted 100 times in MeOH/IPA/
H20 65:35:5 (v/v/v) before injection. Similar to metabolite detection, plasma total lipid extracts
were separated on HTC PAL-system (CTC Analytics AG) coupled with a Transcend 1250 liquid
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chromatographic system (ThermoFisher Scientific) using a kinetex C8 2.6 pm 2.1 x 150 mm
column (Phenomenex, Sydney, NSW, Australia). Mass spectrometry was performed similar as

for the metabolites and data processing was done as previously described .

RNA isolation

After thawing, filled blood tubes were incubated for 4 hours at 25°C to ensure proper cell
lysis. Isolation of RNA was subsequently performed using the RNeasy protect animal blood
kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions for total RNA
isolation including DNAse treatment, resulting in isolation of RNA molecules longer than
approximately 200 nucleotides. Reduction of alpha and beta globin mRNA was performed
on RNA samples using the GLOBINclear magnetic bead kit for mouse/rat (Qiagen) following
manufacturer’s instructions.

For isolation of RNA from brain tissue, approximately 30 mg of tissue was transferred
to next advance pink bead tubes (Next Advance, Averill Park, US) containing 500 ul Trizol
(Ambion, Thermo Fisher scientific, Waltham, MA, USA). Tissue was homogenised in a bullet
blender BBX24 (Next Advance) for 3 minutes on setting 8. A total of 100 pl chloroform was
added and samples were spun down at 10,000 x g for 15 min. The aqueous phase contining
the RNA was removed and an equal volume of 70% ethanol was added. RNA purification was
then performed using the PureLink RNA mini kit (Thermo Fisher scientific) in accordance
with the manufacturer’s protocol using provided RNA columns and a 15 min DNase step. RNA
was eluted in 80 pl nuclease free water. Concentration and purity of RNA was measured using

Nanodrop spectrophotometry and RNA was stored at -80°C.

RNA sequencing

Library preparation and RNA sequencing was performed at deCode Genetics (Reykjavik,
Iceland). The quality of RNA was assessed with the LabChip GX using the 96-well RNA kit
(Perkin Elmer). Approximately 1 pg of total RNA was used as starting material, and the average
RIN values were 7.7 (SD % 0.5) for brain tissue and 6.8 (SD * 0.9) for blood. Non strand-
specific sample preparation was performed using the TruSeq Poly-A v2 kit (Illumina, San Diego,
USA) following manufacturer’s instructions. In brief, mRNA was captured using magnetic
poly-T oligo-attached magnetic beads, RNA molecules were fragmented, and cDNA synthesis
was performed using SuperScript II (Invitrogen, Carlsbad CA, USA) with random hexamer
primers. Subsequently, 2" strand cDNA synthesis was performed in conjunction with RNAse-H
treatment. End repair was performed to generate blunt ends and 3' adenylation was performed,
followed by ligation of indexing adapters to the ds-cDNA. PCR was performed to amplify
the fragments. Quality of sequencing libraries was determined through pool sequencing on
a MiSeq instrument (Illumina) to assess insert size, sample diversity and optimize cluster
densities. Pooled samples (4 samples/pool) were clustered on paired-end (PE) flowcells (1 pool
per lane) using a cBot instrument (Illumina). The sequencing was performed using a HiSeq

2500 with v4 SBS sequencing kits (read lengths 2x125 cycles). Primary processing and base
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calling was performed with Illumina’s HCS and RTA. Demultiplexing and generation of FASTQ
files was done with Illumina scripts (bcl2fastq v1.8). The FASTQ files for the mouse brain RNA
can be found in the GEO repository, accession GSE107958 and blood samples are listed under
accession GSE108069.

Sequencing data processing

Analysis of sequencing data was performed using the BIOPET Gentrap in-house pipeline (http://
biopet-docs.readthedocs.io/en/v0.7.0/pipelines/gentrap/) The fastqc toolkit (v0.11.2) was used
to evaluate sequencing quality (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Sickle (v1.33 with default settings) and Cutadapt (v1.10, with default settings except for “-m
20”) were used to clean up reads. Cleaned reads were aligned to the mouse reference genome
build 10 (GRCm38/mm10) using STAR aligner version 2.3.0e *'. The non-default settings used
by STAR are “--outFilterMultimapNmax 1 -outFilterMismatchNmax 10 -outSJfilterReads
Unique”. Average number of reads was 84 million (SD + 18 million). On average, 66% of reads
were aligned to known genes. Gene raw read counts are generated using HTSeq (v0.6.1) with
the Refseq gene annotation extracted from UCSC on 11-09-2015. The non-default settings used
by HTSeq are “--format bam -stranded no” Gene expression analysis was performed using
edgeR (v 3.14.0) 2. The normalization was performed using the trimmed mean of M-values
(TMM) normalization method .

Differential gene expression and statistical analysis

Analysis of gene expression was performed on genes exceeding an average 4 counts per million
(CPM) across all samples. Principle component analysis (PCA) was performed to confirm
sample consistency (i.e. clustering per brain region). Additionally, correlation between genotype
and GC percentage or 5' - 3' ratios was assessed for potential confounding effects. Differential
gene expression was performed using the generalized linear model (GLM) likelihood ratio test
functionality of edgeR *. Analyses were performed for the 4 brain regions separately, but also
as a combined dataset, which is termed “brain data combined” data throughout the manuscript.
For this combined analysis of all brain regions, we modelled the effect of strain and tissue
(brain region) and the interaction between them to allow detection of strain effects that were
either present in all brain regions or tissue-specific. For this, a design matrix was created with
the function model.matrix(~ Tissue * Strain) and dispersion was estimated accounting for
this design. A general linear model was fit using the glmFit function, and likelihood ratio test
then performed with gImLRT on the combination of coefficients for Strain and the interaction
term Tissue*Strain. The null hypothesis is that the gene shows no differential expression in
any brain region. This analysis is powerful for finding genes with weak effects in several brain
regions, but does not allow inference of differential expression in any specific brain regions. For
differential gene expression analysis between SCA3 and wildtype mice within individual brain
regions, one coeflicient was assigned to each group using model.matrix(~0 + group). Likelihood

ratiotest was then performed using glmLRT function with contrast argument to allow pairwise
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genotype comparison for each brain region. Analysis of differential gene expression for blood
was performed similar to brain, but due to observation of a confounding influence, GC-content
correction was first performed using the conditional quantile normalization (CQN) package as
previously described 2*. The GC-content correction offset obtained from CQN was then included
when estimating dispersion in edgeR. The two time points (9 and 17.5 months) were included
as contrasts for the likelihood ratiotest. Genes with a false discovery rate (FDR, Benjamini-
Hochberg) below 0.05 were considered significant. Plots were generated using ggplot2
package » or graphpad Prism 7. Analysis of the metabolites and lipids in blood was performed
using a Welch’s t-test without multiple testing correction (due to 4 vs 4 sample size), and nominal

p-values < 0.05 were considered significant.

Functional annotation of gene sets and pathway analysis

For identification of functional processes, sets of genes with a FDR of <0.05 were used, for
each individual brain region and also for all brain regions combined. This led to inclusion
of 585 genes from all brain regions combined, 195 genes for brainstem and 824 genes from
striatum. Cerebellum and cortex did not present with enough differentially expressed genes
to perform pathway analysis. Pathway analysis and exploration of metabolite-phenotype links
was performed using Ingenuity Pathway Analysis (IPA) and the Euretos Knowledge Platform
(EKP) *. Euretos allows for semantic search for biologically interesting connections between
genes, proteins, metabolites and drugs based on an underlying database of 176 integrated
data sources (January 2017) ¥’. Pathway analysis was performed by the use of the Fisher exact
test for gene set enrichment. Overlapping significantly altered pathways between the Euretos
and Ingenuity analysis were considered as the most reliable signal, and are hence listed as top

overrepresented pathways.

Validation with RT-qPCR
RNA sequencing results were validated on the same RNA samples using qPCR. cDNA synthesis

was performed using oligo-dT primers for brain and random hexamer primers for blood RNA,
with the Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany) similar
to described previously %, but using an incubation step of 60 minutes at 50 °C . qPCR was
performed with SensiMix SYBR & Fluorescein Kit (Bioline, Taunton, USA) similar to previously
described %, using 3 pl of 5x diluted ¢cDNA for brain samples and 3 ul of 15x diluted
cDNA for blood. Mouse reference genes used were B-actin (Actb), Hypoxanthine-guanine
phosophoribosyltransferase (Hprt), and Ribosomal Protein L22 (Rpl22) for brain tissue and
Actb, vinculin (Vcl) and Hprt for blood (Table S1). Primers were designed with Primer3
software ? and PCR efficiencies and expression values (N0) were determined using LinRegPCR
2014.0 ¥°. Transcript level expression was then divided by the geometric mean of the 3 reference
genes expression *. Statistical tests were performed in graphpad (7.0) using the two-stage
linear step-up multiple testing procedure of Benjamini, Krieger and Yekutieli, with Q = 5% and

without assuming a consistent SD.
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Western blotting

Protein isolation and western blotting of mouse brain tissue was performed following standard
protocols. In brief, brain tissue was homogenized in RIPA buffer using a bullet blender BBX24
(Next Advance, Averill Park, US). Protein concentration was determined using the bicinchoninic
acid kit (Thermo Fisher Scientific). A total of 30 pug protein was boiled for 5 min with 4x
Laemmli sample buffer and separated on 10% Tris-glycine precast gel (Biorad, Veenendaal,
the Netherlands) and transferred to a nitrocellulose membrane. Membranes were blocked in
5% low fat milk and incubated overnight at 4°C with primary antibodies: rabbit anti-carbonic
anhydrase 2 (car2) 1:2000 (Novus Biologicals, Littleton, CO, USA), rabbit anti-psatl 1:1000
(Novus Biologicals) and as loading control mouse anti-B-actin 1:5000 (Abcam, Cambridge,
UK). Detection was performed using secondary antibodies IRDye 680RD and 800CW ( LI-COR
Biosciences, Lincoln, USA) 1:5000, and membranes were imaged using Odyssey infrared
imaging system (LI-COR). Quantification was performed with Odyssey software version 3.0
(Licor) using the integrated intensity method. Intensity of car2 and psatl protein bands were

divided by the B-actin intensity to correct for protein loading.

RESULTS

SCA3 mice do not present with overt motor symptoms at 17 months of age

The MJD84.2 mouse model ubiquitously expresses full-length mutant human ataxin-3 with
84 glutamines, under control of the human ataxin-3 promoter. During a 17.5 month period,
the behavioural phenotype of the mice was assessed using motor tests, and blood was collected
for assessment of biomarkers at transcript and metabolite/lipid level. To this end, blood RNA for
sequencing was collected at two time points and blood plasma for mass-spec was collected at three
time points (for experimental overview, see Fig. 1A). During the testing period, the MJD84.2
mice had a significantly lower body weight compared to control mice (Fig. 1B). Assessment
of an ataxic phenotype using rotarod and beamwalk balance tests at 5 time points revealed
only two significant differences. The first difference was a faster performance of SCA3 mice
on the balance beam at 12 months of age (Fig. 1C), likely attributable to the lower bodyweight.
The second significant difference was a shorter latency to fall on the rotarod at 4 months of age
for SCA3 mice (Fig. 1D). However, given poorer performance of wild-type mice at the following
time points, this suggests to a difference in learning rather than motor performance. The motor
and balance performance of the SCA3 mice was identical to the wild-type mice at all other time

points tested.

Individual brain regions are differently affected by mutant ataxin-3

To establish differential gene expression changes between wild-type and SCA3 mice, RNA
sequencing of brain and blood tissue was performed (Table 1). After exclusion of RNA
samples with low concentration (< 200 ng), a total of 53 samples were successfully sequenced.

The average number of reads per sample was 84 million (SD % 18 million) and on average
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Figure 1. Experimental design and behavioural testing in SCA3 mice. A) MJD84.2 hemizygous mice
were used as a model for SCA3. At indicated time points, plasma was collected for metabolic and lipidomic
analyses, and whole blood was collected for RNA sequencing purposes. At 17.5 months of age, mice were
sacrificed and 4 brain regions were isolated for RNA sequencing. B) SCA3 mice show significantly lower
bodyweight compared to wild-type mice. C) The beamwalk balance test shows identical performance in
coordination/balance performance of SCA3 and wild-type mice, apart from a better performance of SCA3
mice at 12 months of age. D) The rotarod motor performance shows a significant decrease in time to fall
for SCA3 mice at 4 months of age. Depicted data represents 8 wild-type vs 8 SCA3 mice. Shown is mean
+/- SEM, * = p < 0.05 using multiple t-test.

Table 1. RNA sequencing and metabolomic/lipidomic sample overview

Analysis Tissue Wild-type mice SCA3 mice

RNA-seq brainstem 8 6

RNA-seq cerebellum 7 6

RNA-seq cortex 7 6

RNA-seq striatum 8 5

RNA-seq blood (9 and 17.5 months) 6 5

Metabolomics plasma (4 and 16 months) 4 4

Lipidomics plasma (4 and 16 months) 4 4 (4 months), 3 (16 months)
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Figure 2. RNA sequencing results for SCA3 mouse brain. A) Venn diagram depicting overlap of
significantly altered genes (FDR < 0.05) from RNA sequencing analysis between SCA3 and wild-type mice
per brain region. Six genes were common to all four regions. B) Plots of the 6 most significantly altered
genes in SCA3 mouse brain (combined regions). Expression values of genes are depicted separately for
the 4 tested brain regions. * = FDR < 0.01 C) qPCR validation on equimolar cDNA from the 4 brain regions,
as well as separately in brainstem confirms significant gene expression changes. Based on 7 wild-type vs
6 SCA3 mice at 17.5 months of age. * = FDR < 0.01. Actb, Hprt and Rpl22 were used as reference genes.

66% of sequencing reads were aligned to exons of known genes (Fig. S1). Genes with average
expression below 4 CPM were excluded, resulting in a total of 12,372 genes to be included
for differential expression analysis. The brain RNA sequencing data can be accessed at GEO
repository GSE107958. PCA plots showed good separation of samples based on brain region
(Fig. S2) and using an FDR of < 0.05, a total of 585 genes were found significantly altered in
the SCA3 brain regions combined analysis. The top 25 genes from the analysis of brain regions
combined are listed in Table 2, with corresponding log2 fold change per brain region. When
examining each brain region individually, the extent of differential gene expression in SCA3 mice

differed greatly per brain region (Fig. 2A), with 238 genes differentially expressed in brainstem,
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8 in cerebellum, 19 in cortex and 933 in striatum (FDR < 0.05) compared to wild-type mice.
This observation is consistent with smaller fold-changes observed for most genes in cerebellum
and cortex. Of the differentially expressed genes, 6 (Rnf43, Zfp488, Car2, Chdh, Probl, II33)
were consistently significantly altered in all 4 brain regions (Fig. 2B). For each brain region that
we analysed, we ranked the genes based on p-value, and the majority of the genes in these 4
lists were unique to that particular brain region, thus revealing tissue specific gene expression
patterns. For validation we selected 6 genes from the top 25 significant genes of the brain region
combined analysis, based on FDR, fold change and expression level. Through qPCR on the same
samples as used for RNA sequencing, we validated the significant change in expression level
for all 6 genes (Fig. 2C). Finally, differential expression was confirmed at the protein level for
carbonic anhydrase 2 (Car2) and phosphoserine aminotransferase 1 (Psatl), as these proteins
were predicted to be differentially expressed in all 4 brain regions. Cortex and cerebellum of
the SCA3 mice was available for validation of protein levels, and both brain regions showed
a similar direction of protein change as was found on mRNA level and reached significance for

Car2 in both brain regions and for PsatI in cerebellum (Fig. 3 and Fig.S3).

Cellular signalling pathways are altered in SCA3 mouse brain
To establish gene expression changes in SCA3 mice at the gene function level, the Euretos
knowledge platform and Ingenuity pathway analysis (IPA) tools were used to assess pathway
enrichment. Both tools showed good overlap in the top significant pathways for brain region
combined analysis. The top pathways associated with the 585 differentially expressed genes in
SCA3 mouse brain (4 regions combined) are listed in Table 3. The top pathways are sorted on
ingenuity p-value, the complete list of pathway analysis can be found in supplementary file 1.
The combined region pathways signify alterations in pathways which are most consistent for
the 4 brain regions, though effect size can differ per individual region. From this combined
analysis, cellular signalling pathways were the most significantly enriched pathways, namely:
a-adrenergic, CREB and protein kinase A (PKA) signalling, which are all predicted to be
downregulated. CREB proteins can be activated by phosphorylation by kinases, including PKA !,
and can thus be involved in the same signalling cascade. Indeed, both CREB and PKA signalling
have been implicated in Huntington disease **** and other neurodegenerative disorders *,
and CREB signalling is known to be required for long-term synaptic plasticity and axonal
outgrowth **, which was also found as one of the most significantly altered pathways. Similar
to Huntington disease, sterol regulatory element binding proteins (SREBPs) and cholesterol
biosynthesis ** ¥ were also among the top significantly altered pathways in the current SCA3
study. Finally, a total of 24 significantly altered genes were associated with the cellular process of
myelination (go:0042552), suggesting a defect in myelin homeostasis in SCA3 brain as was also
reported for Huntington disease *.

Since ataxin-3 is ubiquitously expressed in brain, and in SCA3 patients there is no clear
correlation between the affected brain regions and level of ataxin-3 expression *, region specific

pathological mechanisms are likely at play. Indeed, different pathways were observed when
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Figure 3. Protein validation of RNA sequencing results in SCA3 mouse brain. Western blot analysis of
mouse brain lysates from cerebellum (A) and cortex (B) probed for Car2 and Psatl protein. Depicted
are results of 4 wild-type and 3 SCA3 mice. C) Quantification of band intensity reveals significant
downregulation of Car2 protein in cerebellum and cortex of SCA3 mice, and significant upregulation of
Psatl in cerebellum. Protein expression was corrected per lane for -actin levels. Based on 8 wild-type vs 6
SCA3 mice. * = p-value < 0.05 with student’s ¢-test.

performing brain region combined analysis compared to brainstem and striatum individually
(Table 3 and Fig. 4A). In striatum, the predominant effects were observed in axon guidance
and synaptic transmission pathways (Fig. 4B) in addition to neurotransmitter receptor induced
postsynaptic events. These pathways were however not apparently affected in brainstem
(Fig. 4C). Of note, the affected neurotransmitter receptor pathway is most likely glutamate
dependent based on involved genes (Grind2d and Grikl). Transcriptional analysis of
SCA1 “** as well as SCA7 ** mouse models have previously established a potential involvement
of glutamate signalling, suggesting that this may be a signalling pathway that is more broadly
affected in the polyQ cerebellar ataxias. Brainstem showed the most significant alterations in
amino acid metabolism, cholesterol biosynthesis and the pi-3k cascade, though these pathways
were also significantly altered in striatum. Due to the small number of differentially expressed

genes, pathway analysis was not possible for cerebellum and cortex.

Differential gene expression in blood

Blood samples were collected at 9 and 17.5 months of age, RNA was isolated and sequenced after
depletion of globin transcripts. Average number of reads was 57.5 million (SD % 10.7 million),
and on average 53% were aligned to known genes (Fig. S4A). The blood RNA sequencing
data can be found under GEO accession GSE108069. A total of 9800 genes were used for gene
expression analysis. Globin transcripts were successfully reduced (Fig. S4B), and were < 4 CPM.

However, both average GC percentage and 5’-3’ bias were significantly lower in the samples
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Table 3. Top overrepresented pathways for genes differentially expressed in SCA3 mouse brain.

Pathway Number of genes p-value Pathway database

Brain regions combined analysis (585 genes)

a-adrenergic signalling 11 1.23E-05 Ing

CREB signalling in neurons 25 1.95E-05 Ing

protein kinase A signalling 25 2.57E-05 Ing

axon guidance 24 3.63E-05 Ing + Euretos
transmission across chemical synapses 13 5.50E-05 Ing + Euretos
superpathway of cholesterol biosynthesis (srebp) 6 6.03E-05 Ing + Euretos
myelination (cellular process) 24 8.02E-06 Ing + Euretos
Brainstem (195 genes)

pi-3k cascade 6 1.20E-04 Ing + Euretos
amino acid metabolism 9 1.31E-04 Euretos
Superpathway of Cholesterol Biosynthesis 5 1.74E-04 Ing + Euretos
Striatum (824 genes)

axon guidance 38 2.19E-07 Ing + Euretos
neurotransmitter receptor binding and downstream 19 9.72E-06 Euretos

transmission in the postsynaptic cell
synaptic transmission/long term potentiation 23 3.02E-05 Ing + Euretos

Overrepresented pathways based on Ingenuity (Ing) and Euretos pathway analyses. Where applicable, Ingenuity obtained
p-values are preferentially reported. The three top pathways in brainstem were also significantly altered in striatum.

from SCA3 mice (Fig. S4C and D). The GC content can have a confounding effect on differential
gene expression in RNA sequencing analysis, because it may arise during PCR amplification
before sequencing, and it is difficult to separate from a true signal *. For this reason, GC-content
correction was performed prior to analysis *. At 9 months of age, only Uba52 was significantly
downregulated in blood of SCA3 mice, while at 17.5 months of age a total of 142 genes were
found differentially expressed compared to wild-type mice. The top 10 differentially expressed
genes at 17.5 months are listed in Table 4 and corresponding plots of the top 5 genes are shown
in (Fig. 5A). Of the significantly altered genes in SCA3 mouse blood, Tnfsf14 (Tumor Necrosis
Factor (Ligand) Superfamily, Member 14) has previously been reported to be upregulated in
blood of SCA3 patients *. Tnfsf14 showed a log fold change of 0.8 in SCA3 mouse blood, with
a FDR of 0.048. Through qPCR validation we were able to verify the expression changes in
SCA3 mouse blood for protein scribble homolog (Scrib, log fold change -0.4, FDR 0.02) and
cation-transporting ATPase 13A2 (Atp13a2, log fold change -0.4, FDR 0.037), and were able to
confirm a trend for 4 other genes tested (Fig. 5B). Pathway analysis of the significantly altered

genes revealed an effect on respiratory electron transport and mitochondria associated genes.

Metabolic and lipid changes in blood of SCA3 mice

Plasma samples from 4 wild-type and 4 transgenic mice were collected at 4, 12 and 16 months of
age and used for LC-MS detection of metabolites ( Profilomics, Gif-sur-Yvette, France). A total
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Figure 4. Affected pathways in SCA3 mouse brain. (A) Brainstem and striatum present with different top
affected pathways based on gene expression analysis. Expression of synaptic transmission associated genes
in striatum (A) and brainstem (B) of wild-type and SCA3 mice confirm that the transcriptional changes
in this pathway are specific to striatum. Obtained from RNA sequencing of 8 wild-type and 6 SCA3 mice.
Depicted are 10 out the 23 differentially expressed genes within synaptic transmission pathway.

Table 4. Top 10 differentially expressed genes in SCA3 mouse blood at 17.5 months old

Gene Log fold Protein function (GO term mol.

symbol Name FDR  change function or biological process)

Pdia6 protein disulfide isomerase 0.002  -0.6 apoptotic cell clearance
associated 6

Hs3st3bl  heparan sulfate (glucosamine) 0.002 0.9 glycosaminoglycan
3-O-sulfotransferase 3B1 biosynthetic process

K1k8 kallikrein related-peptidase 8 0.004 1.0 endopeptidase activity

118rl1 interleukin 18 receptor 1 0.007 0.7 interleukin-18-mediated signaling

pathway

Runx2 runt related transcription factor 2 0.007 0.8 ATP binding

Reck reversion-inducing-cysteine-rich  0.007 1.1 endopeptidase inhibitor activity
protein with kazal motifs

Tob1 transducer of ErbB-2.1 0.007 0.8 receptor tyrosine kinase binding

Phf13 PHD finger protein 13 0.007 0.6 chromatin binding

Rhoh ras homolog family member H 0.007  -0.5 mast cell activation

Smad7 Mothers Against Decapentaplegic  0.010 0.7 activin binding
Homolog 7
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Figure 5. top 5 differentially expressed genes in blood of SCA3 mice. At 17.5 months 142 genes were
differentially expressed (FDR < 0.05). A) Normalized expression of top 5 differentially expressed genes
at 17.5 months of age in blood of wild-type and SCA3 mice as detected by RNA sequencing. B) gPCR
validation of blood RNA confirms significant gene expression changes for Scrib and Atp13a2. Based on 8
wild-type vs 6 SCA3 mice at 17.5 months of age. * = FDR < 0.05. Actb, Vcl and Hprt (right columns) were
used as reference genes.

of 195 variables were detected in both jonization modes, where 114 could be matched at a level
1 annotation (retention time, relative isotopic ratio and MS/MS spectra) and 81 with a level 2
annotation (no MS/MS data) to an in-house database of metabolites. Combining positive and
negative ion modes led to detection of 148 unique metabolites. The corresponding chemical
classes of the detected metabolites are depicted in (Fig. S5).

Alterations in metabolite levels were assessed between wild-type and SCA3 mice at individual
time points using the Welch’s unequal variances ¢-test procedure by comparing the area under
the curve (AUC) using log10 areas. Due to the low sample number, there was no correction for
multiple testing and nominal p-values are reported. A total of 32 metabolites were found to be
significantly different (p < 0.05) between SCA3 and wild-type mice. The 10 most significantly
altered metabolites, irrespective of testing time point, are listed in Table 5. At 4 months of
age, DL-Dihydroorotic-acid was most significantly altered, whilst L-Threonic-acid was most
significantly altered at 12 months of age, and DL-tryptophan at 16 months (Fig. 6A).

To assess alterations of the metabolome in SCA3 mice over time, a PCA was performed (Fig.
S6). Age was weakly but significantly correlated with the first principal component (PC), which
explains 57% of variance (p = -0.586, p < 0.05). Genotype also weakly but significantly correlated
with PC3, explaining 7% of variance (Fig. S6B) (p = -0.463, p < 0.05), indicating that the effect
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of mutant ataxin-3 expression in the mice did not induce a strong effect on blood metabolite
levels. When comparing SCA3 to wild-type mice at 4, 12 and 16 months of age, the number of
significantly altered metabolites in blood were 14, 20 and 4 respectively. From these metabolites,
only DL-Tryptophan was altered at two of the time points, whilst the other metabolites were only
found to be altered at a single time point. The full list of measured metabolites and comparisons

between genotypes can be found in supplementary file 2.

On the same plasma samples, lipid levels were also examined. A total of 491 unique lipids
were identified, divided over 26 classes (Fig. S5). To have an overview of the dataset, areas of
all unique lipids from the same lipid class were summed. Differences in levels of the individual
lipids and of the lipid classes at 4, 12 and 16 months were assessed using the Welch’s unequal
variance t-test without multiple testing correction (Table S2). Using this method, at 4 months
of age no lipid classes were found significantly different in plasma between SCA3 and wild-type
mice. At 12 months of age, glycerophosphoserine and sulfatides were decreased significantly

in the SCA3 mouse. At 16 months of age, di- and triacylglycerols and ceramides were
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Figure 6. Significantly altered metabolites at 4, 12 and 16 months of age in the MJD84.2 mouse model.
A) Levels of the 3 most significantly altered metabolites over time. B) Levels of 3 most significantly altered
lipids over time. Listed profilomic ID can be found in supplementary files 1 and 2. Based on 4 wild-type vs
4 SCA3 mice. Depicted is mean log areas +SD per time point.
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significantly increased in plasma of SCA3 mice compared to wild-type. Both diacylglycerols
and ceramides have been linked to the oxidative stress and stress signalling pathways ** 4,
In contrast, glycerophosphoserine, lyso-phosphoinositols and sulfatide were found to be
decreased in the SCA3 mice over time. Interestingly, 3 of the 4 NeuGC-GM2 gangliosides
were found significantly altered at 16 months. The full list of measured lipids can be found in
supplementary file 3. The most significantly altered individual lipids are shown in (Fig. 6B). Due
to their association with disease progression, ceramides, sulfatides, glycerophosphoserine and

triradylglycerol may be of potential interest as biomarkers of disease progression in these mice.

DISCUSSION

Here, we determined gene expression as well as metabolite and lipid changes in the SCA3 MJD84.2
mouse model . Given the absence of motor symptoms and significant neurodegeneration,
the reported alterations likely represent the early pathological changes that precede
neurodegeneration. Transcriptional deregulation is a known pathogenic process in SCA3 ¥, but
so far few studies have been performed to establish which transcriptional changes occur and
how these are involved in the molecular pathogenicity in SCA3. Furthermore, there is currently
a requirement for reliable (pre)clinical biomarkers capable of tracking disease progression
in SCA3.

Multi-omic biomarker identification in blood of SCA3 mice

Both metabolites ¥ and gene transcripts * may serve as biomarkers to track neurodegenerative
disease progression in blood. Sequencing of whole blood RNA revealed lower levels of Uba52
at 9 months of age, whereas 142 genes were differentially expressed at 17.5 months of age in
the SCA3 mice. A total of 10 genes have been reported as transcript biomarkers in blood of
SCA3 patients *. Of these 10 genes, only upregulation of Tumor Necrosis Factor Superfamily
Member 14 (Tnfsf14) was also observed significantly upregulated in our dataset of the SCA3 mice.
Despite the modest overlap, this observation does solidify Tufsf14 as a potential blood biomarker
for SCA3. Pathway analysis of the 142 altered genes in our blood dataset suggested affected
respiratory electron transport pathways, in line with mitochondrial abnormalities and increased
oxidative damage observed in peripheral blood of Huntington patients * and mitochondrial
DNA damage previously reported in blood and brain of SCA3 mice *. Interestingly, whole blood
RNA sequencing of SCA2 patients also suggested affected mitochondrial function *, suggesting
a potential commonality between the different polyQ disorders.

Metabolite analysis of blood revealed a range of altered metabolites in SCA3 mouse blood
at all three time points tested. However, due to the small sample size used, the results must
be interpreted with caution and the most relevant alterations in metabolites are those that
are represented at multiple time points and show increasing fold change over time. In this
regard, DL-Tryptophan (CHEBI: 27897) was identified as the most promising biomarker. DL-

tryptophan levels were found to be altered at both 12 and 16 months of age, with lower levels in
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SCA3 mice (fold change 0.7 +/- 0.11). Interestingly, blood tryptophan levels have been correlated
with disease progression in blood of Huntington disease patients, with affected patients also
showing lower levels *>**. Indeed, tryptophan and its degradation products have been proposed
as pathogenic factors in Huntington brain, with the tryptophan metabolite quinolinate reported
to be elevated in Huntington disease brain, due to increased 3-hydroxyanthranilate oxygenase
activity **. To our knowledge, tryptophan levels in blood of SCA3 patients have not been
assessed yet, and would thus be a good starting point to establish a biomarker indicative of
disease progression.

Lipidomic analyses revealed that at 16 months of age the di- and triglycerides and ceramides
(CHEBI: 85812 and 85777) levels were increased considerably in the SCA3 mice (supplementary
file 2). Interestingly, increased triglycerides levels have been detected in blood of SCA3
patients **, but ceramides have not yet been assessed in a clinical setting. In a mouse model
for Huntington disease, increased diacylglycerol kinase (DGK) activity has been observed, and
a protective effect of DGK inhibition was suggested *. In line with the blood transcriptional
changes, ceramides have been frequently reported in relation with neurodegenerative
disorders, especially in the context of oxidative stress, inflammation and apoptosis *. For
instance, in spinal cord tissue from amyotrophic lateral sclerosis spinal cord patients, increased
levels of ceramides were detected and preceded the clinical phenotype in a mouse model .
The proposed mechanism is that the mutant protein leads to increased oxidative stress, thereby
altering the sphingolipid metabolism to produce more ceramides and cholesterol esters, in turn
sensitising motor neurons susceptible to excitotoxicity and oxidative stress, culminating in cell
death . A comparison between ceramides in blood and CNS tissue of the SCA3 mouse in future

experiments may thus be useful to establish ceramides as a potential biomarker.

CREB and a-adrenergic signalling pathway transcripts are most consistently
altered throughout the SCA3 mouse brain

A combined brain region differential gene expression analysis was performed in order to
prioritise the most robust and consistent transcriptional alterations across all brain regions.
The 75 week time point used for transcriptional analysis in this study corresponds to the early
and minor loss of Purkinje cells in the MJD84.2 mouse model ®. This early phase of cell
loss at 75 weeks does not result in motor deficits of these mice as found in this study and by
others . Other molecular hallmarks of SCA3 are however present in these mice, including

62-64

increased ataxin-3 nuclear localisation and insolubility 4, which is considered an early stage

of aberrant protein aggregation, deranged calcium signalling *

and increased excitability in
Purkinje cells ¢'.

In this manner, CREB and a-adrenergic signalling pathways were determined as most
strongly affected in the SCA3 mouse brain. a-Adrenergic signalling has not yet been extensively
investigated for SCA3, and further validation in other mouse models and patient brain
material should thus be performed to more reliably establish this finding. However, adenosine

homeostasis is reportedly changed in Huntington ¢, suggestive of potential parallels between
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the two polyQ disorders. Additionally, an adenosine A2A receptor agonist, though pleiotropic,
was shown to have beneficial effects on neurodegeneration and transcriptional dysregulation in
a SCA3 transgenic mouse .

Downregulation of CREB signalling was the second most affected pathway based on
the RNA sequencing of brain tissue in the SCA3 mice. This finding is in good agreement with
previous studies where ataxin-3 was found to interact with CREB-binding protein, and inhibits
transcription by this coactivator ¢.This inhibition likely takes place through sequestration of
CREB-binding protein by the polyglutamine, as evidenced in the polyQ disease spinal and
bulbar muscular atrophy (SBMA) . Furthermore, an expanded polyglutamine stretch is also
known to supress phosphorylation of CREB through binding of the coactivator TAFII130,
interfering with CREB-dependent transcription and subsequently contributing to polyQ
pathogenicity ®. Also, CREB deficiency enhances polyQ induced lethality in Drosophila, which
can be partly rescued by increased CREB expression . As CBP regulates CREB”* and SREBP
transcriptional activity 7%, these results suggest that loss of CBP function underlies at least part
of the transcriptional dysregulation in the SCA3 brain, similar to what has been suggested
for Huntington disease 7. Consistent with the synaptic transmission related gene expression
changes we observed in striatum of the SCA3 mice, CREB signalling is known to be required
for long-term synaptic plasticity and axonal outgrowth *. Together, these findings suggest that
CREB dependent transcription is indeed inhibited due to presence of expanded polyQ protein,
and that the resulting transcriptional dysregulation contributes to the pathogenic mechanisms
in SCA3 >

Mutant ataxin-3 affects synaptic transmission pathways more strongly in striatum
From the combined brain region transcriptional analysis, CREB and a-adrenergic signalling
were found most strongly affected. However, it was clear that the contribution of each individual
brain region to this list was not equal. We observed larger fold changes and more differentially
expressed genes in striatum and brainstem than observed in cortex and cerebellum. As we
and others have repeatedly shown similar expression of the mutant ataxin-3 transgene in
the MJD84.2 mouse model in the brain regions tested here '*7*7, it is unlikely that variations
in expression levels can explain these differences. Since previous studies suggest that cellular
ATXNS3 transcript and protein levels do not correlate well with neuronal degeneration in
SCA3 *7, these findings are indicative of differential effects of mutant ataxin-3 in each brain
region. One of the more surprising findings in our dataset was the fact that the synaptic
transmission pathways were more strongly affected in striatum compared to brainstem and
cerebellum. Pathway analysis of the transcriptome in the brainstem showed that the pi-3k
cascade and cholesterol biosynthesis pathways were most significantly altered in this brain region
of the SCA3 mouse. It is not clear why different pathways are affected in brainstem compared
to striatum in the SCA3 mouse. However, in a previous study we did note the strongest nuclear
localisation of mutant ataxin-3 in the substantia nigra ”*. In SCA3 patients a marked reduction

in dopamine transport was found in striatum ”’. Given that the dopaminergic innervation of
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striatum originates from substantia nigra 7, pathogenic nuclear localisation of mutant ataxin-3
may interfere with this dopaminergic signalling. Indeed, in light of the requirement of CREB
for dopamine dependent gene expression in the striatum *, the observed alteration in CREB
signalling in the striatum of the SCA3 mouse may reflect affected dopaminergic signalling from
substantia nigra. Nonetheless, in a more severe SCA3 mouse model synaptic transmission and
signal transduction pathways were found altered in cerebellum of symptomatic mice °. It will
thus be interesting to determine whether these synaptic transmission deficiencies in cerebellum
correlate with nuclear localisation or aggregation of mutant ataxin-3 and are a requirement for
motor phenotype onset. The affected axon guidance pathway in striatum of SCA3 mice was
also identified in a transcriptomic study with SCA2 mice, where weighted correlation network
analysis of cerebellum found one module associated with axon guidance correlating to disease
status (Pflieger et al., 2017).

Emerging role of white matter dysfunction in SCA3

In a recent study, RNAseq profiling was performed on pons of 22 week old MJD84.2 and two
knock-in SCA3 models ®. A total of 38 genes were found differentially expressed in pons of these
mouse models. In our study, we were able to identify 32 of these reported genes, and indeed
found significant differential expression for 23 of those genes in brainstem of the MJD84.2
mice. This overlap argues for the robustness of both studies, and since we observed altered
expression for 11 genes associated with myelination (Oligl, Olig 2, Ddx54, Fyn, Egfr, CdknlIc,
Pmp22, Klk6, Mal, Tspan2, and Aspa ), our findings further solidify white matter changes as
a potential disease process in brainstem of SCA3 mice. The top downregulated protein identified
in our study, Car2, accumulates on oligodendrocyte processes associated with myelinated
axons and it is thought that Car2 may be involved in myelin formation in the central nervous
system #, though no major myelin abnormalities have been observed in Car2 deficient mice 5%,
Furthermore, Zfp488 (zinc finger protein 488) was significantly upregulated in SCA3 mice, and
plays a role in the differentiation of neural progenitor cells to mature oligodendrocytes, thereby
assisting in remyelination after injury *. Together, these gene expression studies warrant further

investigation of these white matter related processes in SCA3 pathogenicity.

CONCLUSIONS

Taken together, we report here Tnfsl4 transcript, DL-tryptophan levels and spingolipids
ceramides as potential blood biomarkers for SCA3. Mechanistically, we found alterations in
transcript levels for CREB and a-adrenergic pathways most consistently affected throughout
all brain regions of the MJD84.2 mice. In striatum, synaptic transmission pathways were most

strongly affected, whilst brainstem showed largest changes in the pi-3k cascade.
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Supplementary figure 1. number of reads and alignment quality of brain RNA sequencing. Number of
reads obtained for each mouse is depicted per brain region. RNA sequencing reads were aligned to mouse
reference genome build 10 (GRCm38/mm10) using star aligner. Based on 8 wild-type vs 6 transgenic mice.
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Supplementary figure 2. principal component analysis (PCA) of gene expression in brain regions. RNA
sequencing based gene expression in mouse shows good clustering based on brain region. Based on 8
wild-type vs 6 transgenic mice.
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Supplementary figure 3. Protein validation of RNA sequencing results in SCA3 mouse brain. Western
blot analysis of mouse brain lysates from cerebellum (A) and cortex (B) probed for Car2 and Psat1 proteins.
Uncropped blots from those shown in Fig.3, showing all 8 wild-type and 6 SCA3 mice.
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Supplementary figure 4. number of reads and quality of blood RNA sequencing. A) Number of reads
obtained for each mouse is depicted per time point. RNA sequencing reads were aligned to mouse reference
genome build 10 (GRCm38/mm10) using star aligner. B) Distribution of reads for blood RNA sequencing
indicate that globin reduction was efficient (1** rank gene account for <10% of reads) and read distribution
between samples was comparable. n = 22 C) Median 5’-3’ bias in reads per genotype in blood at 17.5
months of age. SCA3 mice show significantly lower values (p < 0.05, Welch 2 sample t-test). D) Average GC
percentage of all reads per genotype in blood at 17.5 months. Significantly lower values are seen in blood of
SCA3 mice (p < 0.05, Welch 2 sample t-test) prior to GC-content correction.
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Metabolite classes identified

56 Amino Acids, Peptides, and Analogues
18 Lipids

15 Carbohydrates and Carbohydrate Conjugates
12 Nucleosides, Nucleotides, and Analogues
11 Aromatic Heteromonocyclic Compounds
9 Aliphatic Heteromonocyclic Compounds

9 Organic Acids and Derivatives

6 Aromatic Heteropolycyclic Compounds

5 Aromatic Homomonocyclic Compounds

4 Aliphatic Acyclic Compounds

2 Aliphatic Homomonocyclic Compounds

1 Alkaloids and Derivatives

Total=148

(eoepOROEmEn

Lipid families identified

242 Glycerophospholipids

159 Glycerolipids

46 Sphingolipids

28 Steroids and Steroid derivatives
16 Fatty Acyls

DoEEN

Total=491

Supplementary figure 5. distribution of metabolite classes and lipid families identified from mass-spec
analysis of plasma samples. LC-HRMS analysis of plasma samples led to identification of 148 unique
metabolites and 491 lipids.
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Supplementary figure 6. principal component analysis (PCA) of measured metabolites. Individual
barcodes of mice are depicted, plasma was obtained for each mouse at 3 time points A) Age is significantly
correlated with PC1 (p = -0.586, p < 0.05), hence explaining most of the variation between samples. SCA3
n = 4, wild-type (WT) n = 4. B) The third principal component (PC) is significantly correlated with
genotype (p = -0.463, p < 0.05). PC3 and PC4 are shown.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Primers used for qPCR validation of RNA sequencing results

Target
gene Primer name Application Sequence (5' to 3')

Atxn3 hATXN3_int_9_fw_56FAM repeat sizing /56-FAM/GTAATCTGTATCAGACTAACTG

CTCTTG
Atxn3 hATXN3_ex10_rev repeat sizing GATGTGAACTCTGTCCTGATAGGTC
Car2 mCar2_Qex3_Fw qPCR GCAGTGCTGAAAGGAGGACC
Car2 mCar2_Qex4_Rev qPCR CCCATATTTGGTGTTCCAGTGAA
Psatl mPsatl_Qex1_Fw qPCR AAGCCACCAAGCAAGTGGTTA
Psatl mPsatl_Qex2_Rev qPCR GATGCCGAGTCCTCTGTAGTC
1133 mll33_Qex2_Fw qPCR TCCAACTCCAAGATTTCCCCG
1133 mll33_Qex3_Rev qPCR CATGCAGTAGACATGGCAGAA
Tmc3 mTmc3_Qex4_Fw qPCR TCATCCCCTGGGAAATGAGGA
Tmc3 mTmc3_Qex5_Rev qPCR TCGGGAAGGACAACAAAGGC
Zfp488 mZfp488_Qex2_Fw qPCR GGCAGGGATGTTCAAGAAAATGA
Zfp488 mZfp488_Qex2_Rev qPCR CAGTCGAGGCTTGTTCGGT
Rnf43 mRnf43_Qex7_Fw qPCR CCGGGTCATTTCGTGCCTC
Rnf43 mRnf43_Qex8_Rev qPCR CCTGGTTCCTGGTAAGATGGAG
Pdia6 mPdia6_ex11_fw qPCR blood CTTCTCAAGGGGTCTTTCAGTG
Pdia6 mPdia6_ex12_rev qPCR blood GTGATGGTAGGAAAGGAACCAC
Rhoh mRhoh_ex3_fw qPCR blood TTCACGAGTCATTCGCACAC
Rhoh mRhoh_ex4_rev qPCR blood AGTAAGGAAACGGCAACCAG
Scrib mScrib_ex9_fw qPCR blood AGCTGATCCTCACGGAGAAC
Scrib mScrib_ex10_rev qPCR blood CAGGCGATTGTCTCTCAAAG
Atpl3a2 mAtpl3a2_Qex12_Fw qPCR blood TGACTCGGACAGGGTTCTG
Atpl13a2 mAtpl3a2_Qex13_Rev qPCR blood GCCACAAACTTCATGCTGTG
1118r1 mll18r1_Qex4_Fw qPCR blood TGAAGAGCTGATCCAGGACAC
118r1 mll18r1_Qex5_Rev qPCR blood TCATCTCCAAACTCGGCATC
Lars2 mLars2_Qex11_Fw qPCR blood ATGGCACAGAGAGACTGAGTG
Lars2 mLars2_Qex12_Rev qPCR blood AGCCAGTCCTTCAGCTTGTTAC
Actb mActb_Qex2_Fw qPCR reference  GGCTGTATTCCCCTCCATCG
Actb mActb_Qex3_Rev qPCR reference  CCAGTTGGTAACAATGCCATGT
Hprt m_Hprt_F qPCR reference  TCCCTGGTTAAGCAGTACAGCC
Hprt m_Hprt_R qPCR reference  CGAGAGGTCCTTTTCACCAGC
Rpl22 mRpl22_ex3_fwl qPCR reference  AGGAGTCGTGACCATCGAAC
Rpl22 mRpl22_ex3_revl qPCR reference  TTTGGAGAAAGGCACCTCTG
Vel mVcl_Qex1_Fw qPCR reference  TGGACGGCAAAGCCATTCC

Vel mVcl_Qex2_Rev qPCR reference  GCTGGTGGCATATCTCTCTTCAG
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ABSTRACT

Spinocerebellar ataxia type 3 (SCA3) is a currently incurable neurodegenerative disorder
caused by a CAG triplet expansion in exon 10 of the ATXN3 gene. The resultant expanded
polyglutamine stretch in the mutant ataxin-3 protein causes a gain of toxic function, which
eventually leads to neurodegeneration. One important function of ataxin-3 is its involvement in
the proteasomal protein degradation pathway, and long-term downregulation of the protein may
therefore not be desirable. In the current study, we made use of antisense oligonucleotides to
mask predicted exonic splicing signals, resulting in exon 10 skipping from ATXN3 pre-mRNA.
This led to formation of a truncated ataxin-3 protein lacking the toxic polyglutamine expansion,
but retaining its ubiquitin binding and cleavage function. Repeated intracerebroventricular
injections of the antisense oligonucleotides in a SCA3 mouse model led to exon skipping and
formation of the modified ataxin-3 protein throughout the mouse brain. Exon skipping was
long lasting, with the modified protein being detectable for at least 2.5 months after antisense
oligonucleotide injection. A reduction in insoluble ataxin-3 and nuclear accumulation was
observed following antisense oligonucleotide treatment, indicating a beneficial effect on
pathogenicity. Together, these data suggest that exon 10 skipping is a promising therapeutic
approach for SCA3.
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INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3) is an hereditary neurodegenerative disorder characterized
by ataxia, usually presenting in the third to sixth decade of life.! Pathoanatomical studies of
SCA3 patient brains have shown neurodegeneration in the cerebellum, thalamus, midbrain,
pons, medulla and spinal cord.? SCA3 is one of 9 known polyglutamine (polyQ) disorders.
The causative mutation for polyQ disorders is a CAG codon repeat expansion in the coding
region of a gene, which upon translation leads to an expanded glutamine amino acid stretch
in the causative protein. It is thought that the polyQ expansion leads to a gain of toxic protein
function.’ In the case of SCA3, the CAG repeat expansion is located in exon 10 of the ATXN3
gene, encoding the ataxin-3 protein.* In the normal population, an ATXN3 CAG repeat length
of 10 to 51 repeats is observed, whilst SCA3 patients have repeat lengths of 55 or longer.?

Ataxin-3 is a ubiquitously expressed deubiquitinating enzyme of around 42 kDa with its
main function in the proteasomal protein degradation pathway.® Several ataxin-3 isoforms have
been described” with the predominant ataxin-3 isoform (NM_004993) in human and mouse
brain containing 3 ubiquitin interaction motifs (UIMs).>° It has been shown that the interaction
between ataxin-3 and K48-linked poly-ubiquitin chains is dependent on the first two UIMs,
whilst the third UIM located C-terminally of the polyQ stretch appears dispensable for this
process.'” ' Upon binding of poly-ubiquitin chains by the UIMs, the N-terminal catalytic
Josephin domain of ataxin-3 can cleave these chains. Through this process, ataxin-3 can facilitate
substrate entry into the proteasome, as well as mediate other ubiquitin-dependent pathways.!» 2

Given the monogenetic nature, SCA3 is an ideal candidate for therapies that specifically
target the ATXN3 gene product. Indeed, several RNA interference (RNAi) strategies that
downregulate ataxin-3 protein expression have been investigated over the last decade. Non-
allele specific silencing of ataxin-3 was found to reduce neuropathology in a SCA3 rat model.”
Additionally, by making use of a SNP associated with the mutant ATXN3 allele (rs12895357),
an allele specific RNAi-mediated reduction of mutant ataxin-3 decreased neuropathological
abnormalities and/or motor deficits in both SCA3 rats and mice.'*'¢ Antisense oligonucleotides
(AONs) are another tool under investigation for therapeutic intervention in SCA3. Particularly
for use in brain, AONs offer several favorable properties, including good distribution throughout
the brain after infusion in the cerebrospinal fluid, excellent uptake by neurons and other brain
cells, high stability with a half-life of several months, and a promising tolerability in clinical
trials thus far.” Another advantage of using AONSs is that they can also be used to redirect
splicing by including or excluding specific exons.

Here we describe an AON based strategy to redirect splicing of the ataxin-3 pre-mRNA.
The aim of this approach is to remove the toxic polyQ repeat from the mutant ataxin-3 protein
thereby removing the cause of SCA3. Using an AON targeting exon 10 of ATXN3 this exon
is removed from the pre-mRNA, resulting in a truncated ataxin-3 protein consisting of 291
amino acids with a predicted mass of 34 kDa. Functional testing of the truncated protein lacking
the polyQ domain and the third UIM showed that this modified ataxin-3 can still bind ubiquitin
chains similar to wildtype ataxin-3. Finally, the AON was tested in the MJD84.2 SCA3 mouse
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model using repeated bolus injection in the lateral ventricle of the brain. Remarkably, this lead
to widespread distribution of the AON with ataxin-3 protein modification observed throughout
the brain.

MATERIALS AND METHODS

Antisense oligonucleotides design and synthesis

Oligonucleotides targeting exon 10 (Table 1) of the human ATXN3 transcript NM_004993 were
designed according to previously described guidelines.'® ' AONs targeted predicted exonic
splicing enhancer sites according to the Human Splicing Finder.” Specificity of the AONs was
checked using BLAST analysis. The synthesis and purification of the oligonucleotides was
performed as described previously.? AONs were fully modified with 2'-O-methoxyethylribose
nucleotides and a phosphorothioate backbone. Cytosine residues were methylated to reduce

immunostimulatory effects of the oligonucleotides in vivo.?

Cell culture

SCA3 fibroblast (GM06153) cell lines were obtained from Coriell Cell Repositories (Camden,
USA) and maintained in Minimal Essential Medium (MEM) (Gibco, Invitrogen, Carlsbad,
USA), containing 15% fetal bovine serum (FBS) (Clontech, Palo Alto, USA), 1% Glutamax
(Gibco), and 100 U/ml penicillin/streptomycin (Gibco).

Human U20S 2-6-3 cells containing 200 copies of a LacO (256 x)/TetO (96 x)-containing
cassette of ~4Mbp,?* were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco),
supplemented with 10% FBS, 1% glutamax, and 100 U/ml penicillin/streptomycin. All cells were
grown at 37°C and 5% CO,.

Transfections

Transfections of AONs was performed as described previously.** Briefly, fibroblasts were
re-plated the day before transfection. AONs were diluted to 200nM in MEM medium without
supplements containing 0.3% lipofectamine (Life Technologies, Paisley, UK). The cells were

incubated with the transfection mixture for 4 hours, after which a three times volume of normal

Table 1. ATXN3 exon 10 antisense oligonucleotides

AON name Sequence (5' to 3')

10.1 GCTGTTGCTGCTTTTGCTGCTG
10.1-2 CTGTTGCTGCTTTTGCTGCT
10.2 GAACTCTGTCCTGATAGGTC
10.3 CTAGATCACTCCCAAGTGCT
10.4 ATAGGTCCCGCTGCTGCT
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growth medium was added. Cells were harvested one day after transfection for RNA analysis, or
2 days after transfection for protein analysis.

Plasmid transfections were performed similar to AON transfections using 1 to 1.5
ug of plasmid DNA (per 9.6 cm? well) in 0.6 ml MEM with 0.6% lipofectamine. Cells were
imaged for GFP or mCherry protein expression the next day using a Leica DM-5500B
fluorescent microscope (Leica Microsystems, Buffalo Grove, USA) at 63x magnification as

previously described.

Mice and oligonucleotide injections
MJD84.2 SCA3 mice*® were obtained from Jackson laboratories (Bar Harbor, Maine, USA),
stock number 012705. All animal experiments were carried out in accordance with European
Communities Council Directive 2010/63/EU and were approved by the Leiden University
animal ethical committee. Animals were housed singly after surgery in individually ventilated
cages with a 12 hour light/dark cycle. Food and water were available ad libitum. Mice were
bred with wildtype C57/BL6 mice (Charles River, Saint-Germain-Nuelles, France) to obtain
wildtype or hemizygous SCA3 animals. Mice were genotyped using ear clip tissue material
and a Phire animal tissue direct PCR kit (ThermoFisher scientific, Waltham, MA, USA), using
forward primer hAtxn3int10fwl and reverse primer hAtxn3int10revl (see Table 2) targeting
the human ATXN3 transcript, and mAtxn3int10fwl and mAtxn3intl0revl primers targeting
mouse ataxin-3 as positive control for DNA isolation. Multiplex PCR was performed following
manufacturer’s instructions with an annealing temperature step of 61.5°C, 20 sec of extension at
72°C and a total of 35 PCR cycles.

For AON injections, a total of 34 male mice aged 2 to 2.5 months and weighing approximately

25 grams were anesthetized using 1.5% isoflurane gas anaesthesia and mounted on a Kopf

Table 2. Primer sequences

Target gene Primer name Application Sequence (5' to 3')

ATXN3 hATXN3_FL_rev2 cDNA synthesis TCCTACAACCGACGCATTGT

ATXN3 hATXN3_FL_Fwl  cloning ATGGAGTCCATCTTCCACGA

ATXN3 hATXN3_FL_Rev  cloning CGCATTGTTCCACTTTCCCA

ATXN3 hATXN3ex4Fwl RT-PCR GCCTTGAAAGTTTGGGGTTT

ATXN3 hATXN3exI11Revl  RT-PCR ACAGCTGCCTGAAGCATGTC

ATXN3 MJD_gen_fwl genotyping PCR  ATACTTCACTTTTGAATGTTTCAGAC
ATXN3 MJD_gen_revl genotyping PCR GAATGGTGAGCAGGCCTTAC

mATXN3  mAtxn3int10fwl genotyping PCR  GCGTTGTTTTAACAGATATTCACG
mATXN3  mAtxn3intl0revl genotyping PCR  TGTGAATGGACAGAAAGCAAA

ATNX3 hATXN3_ACl14_fw mutagenesis GAAACAAGAAGGCTCACTTGCTCAACATT
GCCTGAA

ATXN3 hATXN3_AC14_rev mutagenesis TTCAGGCAATGTTGAGCAAGTGAGCCTTC
TTGTTTC
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stereotactic device (David Kopf instruments, Tujunga, USA). Cannulas of 26 gauge and 3mm in
length (Plasticsl, Anaheim, CA, USA) were implanted in the right lateral ventricle, according
to the following coordinates: 0.2 mm posterior and 1.0 mm lateral to bregma, and was lowered
to a depth of 2.2 mm from the skull surface. The cannulas were subsequently fixed to the skull
surface using dental cement, and closed with a screw-on internal dummy cannula. AONs for in
vivo injections were dissolved in sterile PBS without calcium or magnesium to a concentration
of 50 pg/pl as determined by UV spectrometry, and filtered using a 0.22 pm spin column filter.
AONSs or PBS were injected intracerebroventricular (ICV) through a 28 gauge needle placed in
the guide cannula at a rate of 1 ul/min using a Hamilton syringe mounted in a syringe infusion
pump (Stoelting, Wood Dale, IL, USA). The first AON injection consisting of 500 pg in 10 pl
was performed under anaesthesia. Two additional ICV AON injections of 250 pg in 5 pl each
were performed 2 and 3 weeks after surgery in freely moving mice, resulting in a total dose of 1
mg AON per mouse. Bodyweight was recorded every week post-surgery. Mice were sacrificed
3.5 months after surgery. The left hemisphere was dissected and snap frozen in liquid nitrogen,
the right hemisphere was placed in 4% paraformaldehyde and fixed overnight at 4 "C. The fixed

tissue was placed in 30% sucrose the next day and snap frozen in isopentane on dry ice.

RNA isolation and RT-PCR

Cells were detached by trypsinization (Life Technologies) and subsequently spun down. RNA
was collected from the cell pellets using the Reliaprep RNA Cell Miniprep kit (Promega,
Madison, USA) according to manufacturer’s instructions. RNA from mouse brain tissue was
obtained from fresh frozen material by homogenisation with a bullet blender BBX24 (Next
Advance, Averill Park, US) for 3 minutes on setting 8, using pink beads (Next Advance), 500 pl
Trizol (Ambion, Thermo Fisher scientific), and approximately 30 mg of tissue. After 5 minutes
of incubation, 100 pl of chloroform was added and samples were spun down at 10.000g for 15
min. The aqueous phase was removed and added to an equal volume of 70% ethanol. Further
RNA purification was performed using the PureLink RNA mini kit (Thermo Fisher scientific)
in accordance with the manufacturer’s protocol and using a 15 min DNase step. RNA was eluted
in 80 pl nuclease free water.

For cDNA synthesis, 500 ng of RNA was used as input for the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Mannheim, Germany). The cDNA synthesis reaction was performed
using oligoDT primers, or a gene-specific primer in the 3' UTR region of human ATXN3 for 45
min at 50°C and stopped for 5 min at 85°C, according to manufacturer’s instructions. PCR was
subsequently performed using primers in ATXN3 exon 4 and 11 (see Table 2) with 1 ul cDNA
as input. The PCR reaction contained 0.25mM dNTPs, 1U Faststart Taq DNA polymerase
(Roche) and 10 pmol forward and reverse primers (Eurogentec, Liege, Belgium). PCR cycling
was started with 4 min initial denaturation at 95°C, followed by a total of 36 cycles with 30 sec.
of denaturation at 95°C, 30 sec of annealing at 59°C, and 1 min extension at 72°C. At the end of
the program a final elongation step of 7 min at 72°C was used. PCR products were separated by

electrophoresis on a 1.5% agarose gel containing 0.002% ethidium bromide. Bands of skipped
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products were excised from the gel, purified using a DNA extraction kit (Machery Nagel, Diiren,
Germany) according to manufacturer’s instructions and the sequence was obtained by Sanger

sequencing (Macrogen, Amsterdam, the Netherlands).

Protein isolation and western blotting

Protein from transfected cells was isolated by trypsinization and centrifugation of cells, after
which the pellet was dissolved in Radioimmunoprecipitation assay (RIPA) buffer. Protein from
~30 mg mouse brain tissue was isolated by homogenisation with a bullet blender BBX24 for 3
min at intensity 8, in 500 ul RIPA buffer with 0.5 mm glass beads. Next, protein lysates were
incubated in a head-over-head rotor at 4°C for 30 min. Protein concentration was determined
using the bicinchoninic acid kit (Thermo Fisher Scientific), with bovine serum albumin as
a standard. Protein samples were separated using 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) with Laemmli sample buffer after boiling for 5 min at 100°C.
Proteins were blotted onto a nitrocellulose membrane using the Transblot Turbo system
(Bio-Rad, Hercules, USA) for 10 min at 1.3 A. Blocking of membranes was done with 5% low
fat milk powder in tris buffered saline (TBS) for 1 hour at room temperature. Membranes were
stained using mouse anti-ataxin-3 1H9 (Abcam, Cambridge, UK) at 1:5000 dilution and rabbit
anti-tubulin (Proteintech, Rosemont, IL, USA) 1:1000 overnight at 4°C. Blots were washed
and incubated for 1 hour with Odyssey secondary antibodies, goat-anti-mouse IRDye 680RD
or goat-anti-rabbit IRDye 800CW ( LI-COR Biosciences, Lincoln, USA) at a 1:5000 dilution.
Membranes were scanned using the Odyssey infrared imaging system (LI-COR). Protein bands
were quantified with the Odyssey software version 3.0 using the integrated intensity method.
Percentage of protein modification was calculated based on band intensities as follows: modified
ataxin-3 / (modified ataxin-3 + human ataxin-3 84Q) * 100.

Cryosectioning and immunohistochemistry

Sectioning of paraformaldehyde fixed mouse brains from four control AON and three 10.4
AON treated mice was performed using a Leica CM3050 cryostat. Sagittal sections of 25 um
thickness from the right hemisphere were immediately transferred as free floating sections
to PBS containing 0.02% sodium azide at room temperature. Sections were stored at 4°C until
staining. Prior to staining, sections were washed three times in PBS with 0.2% triton-X100
for 10 min and incubated with M.O.M. mouse IgG blocking reagent (Vector Laboratories,
Burlingame, USA) for 1 hour. Sections were washed and incubated overnight at 4 'C with
primary antibodies diluted in M.O.M. protein concentrate diluent (Vector Laboratories).
Primary antibodies used were: mouse anti-ataxin-3 1H9 1:1000 (Abcam, Cambridge, UK) and
rabbit anti-tyrosine hydroxylase 1:500 (Santa Cruz biotechnology, Dallas, USA). For assessment
of AON distribution, a rabbit antibody binding the phosphorothioate backbone of AONs was
used at 1:10.000 diluted in 1% normal goat serum. After washing, sections were incubated with
secondary antibodies, goat anti-mouse-alexa Fluor 594 or goat anti-rabbit-alexa Fluor 488 (Life

technologies, Paisley, UK) at 1:500 dilution. Sections were mounted on superfrost plus coated

137



138

microscope slides (Fisher Emergo, Landsmeer, Netherlands), coverslipped using EverBrite
hardset mounting medium containing DAPI (Biotium, Hayward, USA) and cured overnight
prior to fluorescent microscopic examination using a Leica DM-5500 using 63x magnification
for assessment of ubiquitin binding or Keyence Biorevo BZ-9000 fluorescent microscope for all

other analyses at 10x magnification.

Image analysis of ataxin-3 nuclear intensity

Fluorescent images of substantia nigra were analysed using Image] (version 1.48).”” Images were
converted to 8 bit and the substantia nigra was automatically selected using a region of interest
based on positive tyrosine hydroxylase green fluorescence (threshold 25-254). Within this region,
ataxin-3 nuclear staining was determined using the analyse particles function (circularity 0.15-
1.00) based on red fluorescent staining (threshold 35-254). Background fluorescence (intensity
35) was subtracted and the average fluorescence intensity per cell was subsequently used to
represent intensity of nuclear ataxin-3. Identical analysis values were used to analyse all images.

Between 400 and 1300 individual cells were assessed for 10.4 and control AON treated mice.

Dot-blot filter retardation assay

To detect aggregated ataxin-3 protein, mouse brain lysates in RIPA buffer were diluted in PBS
to a final concentration of 0.15 pug/ul with 0.025% SDS. A total volume of 200 ul lysate was then
passed through a cellulose acetate membrane of 0.2 pm (Whatman, Maidstone, UK) mounted
in a 96-well vacuum manifold. Three additional washes were performed using PBS to remove
unbound protein. The membrane was blocked using 5% non-fat milk and subsequently stained
for 3 hours with mouse anti-ataxin-3 1H9 1:5000 (Abcam), and 1 hour with goat-anti-mouse
IRDye 800CW 1:10.000 (LI-COR). Dots were quantified with the Odyssey software version 3.0

using the integrated intensity method.

Plasmids and mutations

Plasmids for transfection were obtained as previously described.”” In short, PCR products for
cloning were generated with primers flanking the full length ATXN3 transcript (see Table 2) using
AON transfected fibroblast cDNA as template. Full length or exon 10 skipped products were gel
extracted, purified and ligated in the pGEM-T Easy vector (Promega) using the 5’-A overhangs.
Mutations of the UIMs and deletion of cysteine 14 was generated using the QuickChange II Site
Directed Mutagenesis kit (Agilent Technologies, Waldbronn, Germany) as described previously
using primers containing the mutation (Table 2).** Expanded ataxin-3 with 71Q was obtained
by genesynthesis (Genscript, Piscataway, USA), a mixture of CAG and CAA codons was
generated to improve stability during the cloning process. Constructs were then subcloned into
the PacGFP-C1 vector (Clontech, Mountain View, USA) using notl digestion, resulting in an
N-terminally GFP tagged ataxin-3 protein expression. The mCherry-LacR-RNF8 construct has
been described previously.?® Purified ataxin-3 proteins were produced using the Pet28a vector
(Merck Millipore, Billerica, USA) and BL21 E.coli (New England BioLabs, Ipswich, USA) as
previously described.* All constructs were verified using Sanger sequencing.
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Assessment of ubiquitin binding through RNF8 chromatin tethering

Ubiquitin binding assays were performed as previously described.” Briefly, human U20S 2-6-3
cells with LacO repeats integrated in the genome? were grown on glass cover slips. Cells were
transfected with both mCherry-LacR-RNF8% and GFP-ataxin-3 constructs. The cells were fixed
in 4% paraformaldehyde the following day and glass slides were mounted on microscope slides
with Everbrite mounting medium containing DAPI (Biotium, Corporate Place Hayward, US).
Images were obtained for a minimum of 50 cells (2 replicate transfections) positive for both RNF8
and ataxin-3 fluorescent signals. Due to the LacR fusion, the RNF8 protein construct localises
to the lacO repeat, resulting in local chromatin ubiquitination. Subsequently, ataxin-3 proteins
localise to the ubiquitinated chromatin through their UIMs, resulting in colocalisation with
the mCherry-RNF8. The GFP intensity, thus representing ubiquitin binding was quantified. By
drawing a line region of interest across the mCherry-LacR-RNF8-marked array, the increase in
GFP-ataxin-3 at the array was determined using the LAS AF Lite software (Leica Microsystems).
The signal was background corrected by subtracting background GFP signal from the peak GFP
intensity at the array.

Deubiquitination assay
The in vitro deubiquitination assay was performed as previously described.”

1.2 pug HIS-ataxin-3 proteins were incubated with 0.5 pug K63 linked hexa-ubiquitin chains
(Boston Biochem, Cambridge, USA) in buffer containing 50 mM HEPES pH 8, 0.5 mM EDTA
and 1 mM DTT. Incubations were performed for 16h at 37 “C. Reactions were stopped with 4x
Laemmli sample buffer containing p-mercaptoethanol and by boiling the sample at 100 °C for 5
minutes. Samples were run on SDS-PAGE using 10% TGX gels (Biorad, Hercules, USA). After
Western blotting, membranes were probed with anti-ataxin-3 1H9 (1:5000) and anti-ubiquitin
1:1000 (UGY9511) (Enzo life sciences, Farmingdale, USA).

Statistical analyses

The percentage of ataxin-3 protein modification, filtertrap assay dot intensity, and ataxin-3
ubiquitin binding assays were analysed with one-way ANOVA using Tukey’s posthoc multiple
comparisons test. Raw intensity values obtained from Oyssey application software ‘integrated
intensity quantification’ method were used for analyses of filtertrap assays and western blots.
Western blot protein modification is reported as percentage modified ataxin-3 of the sum of
all human ataxin-3 bands. Intensity of nuclear ataxin-3 accumulation in substantia nigra was
compared using unpaired student t-test. Statistical analyses were performed using GraphPad

Prism software version 6.02. P values < 0.05 were considered statistically significant.
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RESULTS
Exon 10 skip leads to a truncated ataxin-3 protein lacking the polyQ repeat

Removal of exon 10 from the ataxin-3 pre-mRNA results in a stop codon right at the start of
exon 11. As a consequence, the resulting ataxin-3 protein is truncated to amino acid 291 (Fig.
1A) and lacks the C-terminal region that contains the toxic polyQ repeat, as well as UIM 3.
A total of five splice modulating AONs were designed targeting exon 10 (table 1) and were
transfected in SCA3 patient-derived fibroblasts. RT-PCR and western blot analysis showed that
three of the tested AONs induced exon 10 skipping as both expression of a shorter ataxin-3
transcript (A exon 10) and truncated protein (A C-terminus) were observed (Fig. 1B and C).
Although AON 10.4 contained a SNP (rs12895357) associated with the expanded allele,*®?' we
always observed modification of both wild type and mutant alleles.

ATXN3 RNA: 167 nt 97 nt 119 - 356 nt 95 nt
8 4D :) c W UR
AONS: 101 =g==10.2 103
exon 10 skipping
Exon skipped ATXN3 RNA: G[TGA]~> activation stop codon
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T T T T T T T T T T T T T T 1
220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 amino acids

B ) C AON AON AON AON  AON
SCAS3 fibroblast RNA Mock 101 1042 102 103 10.4
bp 72 kDa -
1000 - -71CAG -71Qs
55 kDa -
800 -23CAG _230s
600— -Aexon10 43y pna-
500 — 241D — A C-terminus
a
N s v
N OQ'S .\Q"\ S ® O%\Q S O a-tubulin

Figure 1. Antisense oligonucleotide mediated removal of the polyglutamine repeat from the ataxin-3
protein. (A) Schematic representation of the experimental approach to remove exon 10 from the ataxin-3
mRNA approach based on transcript ENST00000558190 (361 amino acids) using antisense oligonucleotides
(AONSs) targeting predicted splicing motifs within exon 10. Skipping of exon 10 leads to a novel stop codon
at the start of exon 11. The resulting ataxin-3 protein contains 291 amino acids and lacks the polyQ repeat
and C-terminus (depicted as transparent region). Five different AONs against exon 10 were tested for
functionality by transfection in SCA3 patient derived fibroblasts. An internally truncated ataxin-3 RNA
lacking the CAG repeat (A exon 10) (in (B)) and a truncated ataxin-3 protein lacking the polyQ-containing
C-terminus (A C-terminus) (in (C)) were detected. Nt = nucleotides.
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Ataxin-3 lacking polyQ binds and cleaves ubiquitin chains similar to wildtype

Due to the novel stop codon in exon 11 induced by exon 10 skipping, the ataxin-3 A C-terminus
protein lacks the third UIM (Fig. 1A). To determine whether ataxin-3 A C-terminus was still
capable of binding ubiquitin chains, we made use of a U20S 2-6-3 cell line containing a large

array of LacO repeats,”

in which expression of mCherry-LacR-RNF8 fusion protein leads
to localised ubiquitilation of the chromatin.”® Ataxin-3 subsequently binds the ubiquitins as
mediated by the UIMs, resulting in colocalisation between mCherry-RNF8 and GFP-ataxin-3.
We have previously shown this colocalisation of ataxin-3 to the LacO array as a reliable marker
for ubiquitin binding activity of ataxin-3.> Here, we tested several GFP-tagged ataxin-3 proteins
for ubiquitin binding capacity (Fig. 2A). In line with previous observations, the ataxin-3 with
either 10Q or 71Q can readily bind ubiquitin chains and hence colocalised with the ubiquitin
moieties at the array (Fig. 2B-C). Ataxin-3 with all 3 UIMs inactivated by point mutations
(L229A, L249A and L340A), termed UIMs L>A, colocalised with the ubiquitin conjugates to
a significantly lower extent, confirming the specificity of the assay. Ataxin-3 A C-terminus
colocalised with the ubiquitin conjugates at the array to a similar extent as wildtype ataxin-3,
indicating that the ubiquitin chain binding capacity of the protein was retained despite lacking
the third UIM.

To confirm the ubiquitin cleavage capacity of ataxin-3 A C-terminus, purified HIS-ataxin-3
proteins (Fig. 2D) were incubated with K63 linked hexa-ubiquitin chains. Similar to ataxin-3
10Q and 71Q, ataxin-3 A C-terminus was able to cleave ubiquitin chains as evidenced by
the appearance of shorter ubiquitin fragments (penta- and tetra-ubiquitin) (Fig. 2E). In line
with previous reports, deletion of a cysteine in the Josephin domain (AC14) abolished ataxin-3
ubiquitin protease activity.”> Together, these results indicate that removal of the C-terminus

from ataxin-3 does not interfere with ubiquitin binding and cleavage capacity.

Ataxin-3 exon skipping in mouse brain

To determine whether the ataxin-3 exon skip strategy is feasible in vivo, the four AONs against
ATXN3 RNA were tested in the MJD84.2 mouse model.? The MJD84.2 mouse contains the full
human ATXN3 gene with 84 CAGs including introns and flanking regions, making it a suitable
SCA3 rodent model to assess human ATXN3 splicing events in vivo. Sequencing analysis showed
that the human ATXN3 gene in this mouse also contains the SNP (rs12895357), and thus has full
complementarity with AON 10.4 (data not shown). To assess AON efficacy, the AONSs targeting
exon 10 were injected as a single 500 pg ICV bolus in anesthetized hemizygous MJD84.2 mice.
Two weeks after the injection, exon skipping was analysed in cortex and cerebellum (Fig. 3A).
AON efficacy in both brain regions was similar to that observed in SCA3 fibroblasts transfections,
with AON 10.4 being most efficient. Sanger sequencing confirmed that the shorter ATXN3
RNA was the result of exon 10 skipping in the human transcript. In line with the transcript
modification, a modified A C-terminus ataxin-3 protein of approximately 36 kDa in size was
observed in the treated animals (Fig. 3B). Protein modification appeared more efficient in cortex

than cerebellum. In the untreated animals, an ataxin-3 protein of similar size as A C-terminus
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Figure 2. Ataxin-3 A C-terminus is capable of binding and cleaving ubiquitin chains. (A) Schematic
representation of mCherry and GFP fusion proteins with their functional domains. The ubiquitin ligase
RNF8 was fused to mCherry and LacR. Atatxin-3 was fused to GFP. Ubiquitin-interacting motifs (UIMs) of
ataxin-3 are depicted in blue. Inactivating substitution mutations are indicated by red crosses (B) Tethering
of the mCherry-LacR-RNF8 fusion protein to a LacO array in the chromatin in U20S 2-6-3 cells (red
signal) results in local chromatin ubiquitylation at the LacO array.”® GFP-ataxin-3 proteins bind the RNF8-
induced ubiquitin moieties at the the lacO array, thereby colocalizing with mCherry-LacR-RNF8 (green).”
Representative images are shown. Arrows indicate the chromatin localised RNF8 and ataxin-3 where GFP
intensity was quantified. (C) Quantification of increase in GFP-tagged ataxin-3 signal at the array after
co-expression with mCherry-LacR-RNF8. Values represent the mean +SEM of >40 cells examined from
two independent experiments. (D) Schematic representation of HIS-tagged ataxin-3 proteins used in
ubiquitin cleavage reaction. The C14 deletion (AC14) is known to inactivate catalytic activity. (E) Purified
HIS-ataxin-3 proteins were incubated for 16h with K63-linked hexa-ubiquitin to determine ubiquitin
cleavage activity.
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Figure 3. AON screening in vivo. 500ug AON was injected intracerebroventricularly in MJD84.2 mice.
After 2 weeks, mice were sacrificed and RNA and protein was isolated from cortex and cerebellum. (A)
RT-PCR using primers flanking ATXN3 exon 10 shows the full length human ataxin-3 PCR product with
84 CAG repeats, the mouse ataxin-3 with 6 CAG repeats as well as the shorter ataxin-3 lacking exon 10 after
injection of AON 10.1 and 10.4 (A exon 10). Sanger sequencing trace of A exon 10 RNA is shown below with
corresponding reading frame. (B) Western blotting shows the full length human ataxin-3 protein with 84 Q
repeats, the mouse ataxin-3 protein with 6 Qs and the truncated ataxin-3 protein lacking the C-terminus.
Of the 4 AONs tested, AON 10.1 and 10.4 show the most efficient modification of the human ataxin-3
protein (A C-terminus). Ctx = cortex, cb = cerebellum.

ataxin-3 was observed as well, perhaps indicating the truncated ataxin-3 protein is a naturally

occurring isoform or cleavage fragment in these mice.

AON effect lasts at least 2.5 months in mouse brain

Despite relatively high expression of mutant ataxin-3 throughout the brain, hemizygous
MJD84.2 mice do not develop an ataxic phenotype on beamwalk tests,” but do develop
a neuronal phenotype consisting of nuclear localisation of mutant human ataxin-3 in certain
neuronal populations from around 2 months of age.’®?* To assess long term efficacy of AONs
in the mouse brain and the effect on the neuronal phenotype, a total of 27 mice were treated
with either PBS, scrambled control AON or AON 10.4 and sacrificed 2.5 months after the last
injection. With repeated injections, a total ICV dose of 1 mg AON was achieved over a 3 week
period (Fig. 4A). There was a clear dose dependent effect on protein modification, with a 500
pg dose resulting in 17% protein modification in cortex, and 1 mg AON resulting in 37% protein
modification (supplementary Fig. 1). At the time of sacrifice, ATXN3 exon 10 skipping was
seen at RNA level in all tested brain regions (Fig. 4B and supplementary Fig. 2A), 40% ataxin-3
modification was seen in protein lysates from brainstem and cortex, while 20% ataxin-3
modification was seen in cerebellum (Fig. 4C-D and supplementary Fig. 2B). This indicates
that the AONs have distributed throughout the brain, and are stable and effective for at least
2.5 months post injection. No deleterious effect of the AON on bodyweight or motor behaviour

(supplementary Fig. 3) was observed during the course of the study.

AON treatment reduces insoluble ataxin-3 and prevents nuclear accumulation

Protein aggregation is considered a hallmark of polyQ disorders. It has been implicated

as a pathogenic mechanism for these diseases® * and mutant ataxin-3 aggregates are found
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Figure 4. in vivo assesment of AON mediated removal of the ataxin-3 polyglutamine repeat in MJD84.2
mice. (A) Schematic representation of experimental design. At ~2.5 months of age (timepoint 0), mice
were cannulated and 500 pg of AON 10.4 was injected ICV. Additional 250 ug injections were performed
at week 3 and 4 resulting in a total dose of 1 mg. Mice were sacrificed after 3.5 months. n = 6 per group
(B) RT-PCR specific for human ATXN3 with primers flanking exon 10 shows full-length mutant ataxin-3
and ataxin-3 lacking exon 10 (A exon 10) in treated mice. (C) Modified ataxin-3 protein was seen for AON
treated transgenic mice in all tested brain regions: brainstem and cortex are shown. Each lane represents
one mouse. (D) Quantification of band intensity from C shows up to 40% ataxin-3 modification. Reported
is modified ataxin-3 percentage of the sum of mutant and modified ataxin-3 band intensities. (E) Staining
with an antibody against the phosphorothioate backbone shows that AONs are located throughout
the entire mouse brain following ICV infusion. Upper panel shows a mouse sacrificed three months after
injection with AON 10.4, lower panel depicts PBS injected mouse. Higher magnification of the cerebellum
shows good AON uptake in the Purkinje cells. (F) Filter retardation assay indicates that mice carrying
the transgene show insoluble ataxin-3 in all tested brain regions when stained with 1H9 anti-ataxin-3
antibody. A reduction in insoluble ataxin-3 is seen in AON 10.4 treated animals compared to PBS and
control AON treated animals. (G) Quantification of dot intensity from F reveals significant reduction in
filter trapped insoluble ataxin-3 protein in AON 10.4 treated mice. * p < 0.05 ** p < 0.01
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Figure 5. AON treatment reduces nuclear ataxin-3 accumulation in substantia nigra of SCA3 mice. (A)
The nuclear accumulation of ataxin-3 was determined by staining with the 1H9 monoclonal antibody.
Only cells of the substantia nigra expressing tyrosine hydroxylase were used in this analysis, as these
showed the most intense nuclear ataxin-3 signal. (B) Quantification of staining intensity revealed that
transgenic mice treated with 10.4 AON showed a decrease in nuclear ataxin-3 accumulation, likely due to
the reduction in full length mutant ataxin-3 levels. Analysis performed on four control AON vs three 10.4
AON treated mice and four sections per mouse. Mean + SEM, evaluated with student t-test, ** p < 0.01

in the brain of SCA3 patients.”” Using protein lysates from three different brain regions, we
performed filter trap assays® to detect the level of insoluble ataxin-3 proteins (Fig. 4F). Insoluble
ataxin-3 protein was detected in the transgenic MJD84.2 mice expressing mutant ataxin-3, but
not in wildtype mice. The highest level of insoluble ataxin-3 was detected in the cerebellum. No
significant difference in ataxin-3 insolubility was observed between scrambled AON and PBS
treated SCA3 animals. Following AON 10.4 treatment, there was significantly less insoluble
ataxin-3 detected compared to animals treated with scrambled AON or PBS (Fig. 4G).

To further assess the effect of AON treatment on expanded ataxin-3 pathogenicity, we
performed immunofluorescent examination of SCA3 mouse brains in mice that were ~5.5
months of age at time of sacrifice. We observed strong nuclear ataxin-3 staining throughout
the brainstem but specifically in the substantia nigra. Nuclear accumulation of expanded
ataxin-3 has been shown to aggravate neurodegeneration and formation of aggregates in
vivo,® and is therefore a useful marker to assess ataxin-3 toxicity. In fact, nuclear localisation
of ataxin-3 appears to be required to induce symptoms of SCA3.* In the MJD84.2 mouse
model, we observed strong nuclear localisation of ataxin-3 in the substantia nigra. Therefore,
we used tyrosine hydroxylase staining to delineate the substantia nigra in sagittal brain sections
(Fig. 5A). The intensity of ataxin-3 nuclear localisation in the substantia nigra was markedly
reduced in mice treated with 10.4 AON when compared to animals treated with control AON
(Fig. 5B).
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DISCUSSION

In this work we describe an AON mediated exon skipping strategy for SCA3. Our therapeutic
approach removes the polyQ repeat from the protein and therefore removes the cause of SCA3.
This approach is superior to current treatments that only treat symptoms and not the cause of
disease. It may also have some specific advantages over strategies that aim to lower expression
of the ataxin-3 protein, since ataxin-3 has important cellular functions* in regulating protein
degradation,* transcription*' and DNA damage response.”” Though ataxin-3 knockout appears
tolerated in mice without major deficits,**** it is currently unknown whether long-term
downregulation will be tolerated in patients. Therefore, it is more prudent to avoid complete
ataxin-3 downregulation. We provide evidence that repeated ICV injections of AONs in
a transgenic SCA3 mouse model leads to substantial ataxin-3 RNA and protein modification
(ataxin-3 A C-terminus) throughout the mouse brain, and is able to alleviate ataxin-3 nuclear
accumulation and insolubility.

Ataxin-3 A C-terminus still contains the main known functional domains, namely
the catalytic Josephin domain (aa 1-180) and the VCP interacting motif (aa 257-291).%
The Josephin domain is required for ataxin-3 deubiquitinating activity,** in conjunction with
UIML1 and 2 coordinating specific ubiquitin chain cleavage.'>'? The UIMs are required for
the ubiquin binding capacity of ataxin-3, but the third UIM is not considered essential for this
process.'®!-244 The current study confirms this by showing wildtype ubiquitin binding capacity
of A C-terminus ataxin-3 in a cellular context (Fig. 2B-C). Previous experiments have shown
that removing the C-terminus form ataxin-3 does not impair its de-ubiquitinating activity.* Our
results are in line with these previous studies and show that ataxin-3 A C-terminus is capable of
cleaving ubiquitin chains (Fig. 2E).

Ataxin-3 interaction with VCP is thought to be crucial for the activation of ataxin-3 and
regulating the endoplasmic reticulum-associated degradation pathway through protein
extraction from the endoplasmic reticulum.*>® Ataxin-3 A C-terminus still contains the VCP
binding motif. * Retainment of the VCP binding site in ataxin-3 A C-terminus may be of
particular importance, as a mouse model expressing only the ataxin-3 N-terminus up to amino
acid 259 resulted in extranuclear neuronal aggregates and premature death at 12 months of
age.”® This phenotype was associated with disturbances of endoplasmic reticulum-mediated
unfolded protein response, possibly indicating the importance of ataxin-3 and VCP interaction
in maintaining endoplasmic reticulum homeostasis.

A recent study by Liu and colleagues testing several different oligonucleotide chemistries
found that ATXN3 exon 10 could be skipped with CAG targeting oligonucleotides and the ataxin-3
A C-terminus protein was also observed in these experiments.”> Both mutant and wildtype
ataxin-3 alleles will be targeted by the AON, as the AON is complementary to the canonical
exon 10 sequence. Indeed, we observed a similar level of exon skipping for the mutant and
wildtype allele in SCA3 patient derived fibroblasts (Fig.1B and C). This observation underlines

the importance of determining protein function of ataxin-3 A C-terminus in a neuronal context,
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as the proposed AON treatment may lead to high protein modification levels throughout
the brain.

Apart from retaining wild-type ataxin-3 function, an important concern is that the ataxin-3
A C-terminus protein should not result in a gain of toxic function. An ataxin-3 protein variant
corresponding exactly to the A C-terminus protein resulting from exon 10 skipping has been
tested in a yeast model and rat cerebellar granule cells, where it was shown that this protein indeed
did not aggregate, but in some tests showed a mild increase in toxicity compared to the wildtype
ataxin-3 protein.”>** Whether these results can be extrapolated to the in vivo situation will have
to be determined, but we did not observe overt signs of toxicity in the AON 10.4 treated mice
expressing ataxin-3 A C-terminus based on bodyweight and locomotor activity (supplementary
Fig. 3A and B). Additionally, no increase in cell death was observed in fibroblasts treated with
AON 10.4 (Fig. 1C), or U20S cells transfected with GFP- ataxin-3 A C-terminus (Fig. 2B),
indicating thatataxin-3 A C-terminus is not toxic to these cells. Interestingly, a study investigating
the transcript diversity of ataxin-3 in humans found two naturally occurring ataxin-3 isoforms
generated by a stop codon after exon 9. Indeed, we observed an ataxin-3 protein of similar
size to our A C-terminus protein in untreated SCA3 animals (Fig. 3B), perhaps indicating
that this protein is also expressed in the transgenic mouse brain. If ataxin-3 A C-terminus is
indeed a naturally occurring isoform, this may suggest that the protein is likely not a toxic
variant. To more comprehensively test whether ataxin-3 A C-terminus is fully functional and
not toxic to cells, it will be useful to express ataxin-3 A C-terminus in ataxin-3 knockout mice in
future studies.

The current study used the MJD84.2 mouse model.* This mouse model contains the full
human ATXN3 gene, including flanking regions and introns which is essential when testing
splice modulating AONs. Indeed, similar potency of the exon 10 targeting AONs were found
when comparing patient derived fibroblast results with the in vivo ICV injections. Repeated
bolus injections of AON 10.4 were tolerated and led to increased levels of ataxin-3 protein
modification. No significant reduction in the level of soluble mutant ataxin-3 with western blot
analysis (Fig. 4C), however a reduction in the amount of insoluble ataxin-3 was observed in
the filtertrap assay (Fig. 4F).

We did not consistently observe strong nuclear accumulation of ataxin-3 in the deep
cerebellar nuclei as previously reported in the MJD84.2 mice.* Though we were not able to
detect clear aggregates in any brain regions, ataxin-3 nuclear localisation was readily seen in
the substantia nigra, in line with previous reports.*® The molecular SCA3 phenotype of the mice
was beneficially effected by AON treatment, with a reduction of insoluble ataxin-3 species
observed in filtertrap assays, and less nuclear ataxin-3 accumulation in the substantia nigra.
The AONs were functionally active for at least 2.5 months, in line with previous studies using
similar AON chemistries in spinal muscular atrophy mice reporting effects lasting for over 6
months after ICV injection.*

Clinical application of AONs currently seem promising. In clinical trials, intrathecal
injection of MOE modified AONS in children with spinal muscular atrophy have shown AON

half-lives in the CSF of 4-6 months, with good tolerability and improvement in patients motor
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function.”” This suggests that relatively infrequent dosing, such as intrathecal AON injections
every 6 months, could be a feasible treatment regimen for SCA3. The removal of the polyQ
repeat from ataxin-3 is likely to delay disease progression and restrict brain damage. In case of
high efficacy of the treatment it could even stop disease progression completely. Since the mouse
model used here does not present with ataxic symptoms, we were unable to assess an effect
of our AON treatment on reversal of the motor phenotype. However, studies in mice where
expression of mutant ataxin-3 was halted during early stage disease have shown that a reversal of
the motor symptoms was possible.”® A similar observation has been made when polyQ expanded
Huntingtin protein was downregulated using AONs in a Huntington’s disease mouse model.*
This is a promising observation, but whether the same could be possible in humans is currently
unknown. Because of the autosomal dominant nature of SCA3, patients can start therapy before

onset of clinical symptoms, improving likelihood of a beneficial effect.
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Supplementary Figure 1. Comparison of 500 ug and 1 mg AON 10.4 ICV bolus. AON 10.4 was tested in
vivo by ICV injection in two mice to determine dose response. 500 pg AON was injected at 2.5 months

of age, after which one of the mice was injected with a second 500 pg bolus 2 weeks later. Both mice

were sacrificed 2 weeks after the last injection. Westernblot analysis and staining with 1H9 antibody shows

ataxin-3 A C-terminus appearing in the three brainregions tested of the treated MJD84.2 mice. A clear

increase in protein modifciation is seen with the 1 mg dose compared to the 500 ug dose. Cb = cerebellum,

br = brainstem, ctx = cortex.
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Supplementary Figure 2. In vivo assessment of exon skipping at RNA and protein level. Mice were treated

with a total of 1 mg AON 10.4 or control AON, and sacrificed ~3.5 monhs after last injection. Results are

obtained from mice depicted in figure 3. (A) RT-PCR with primers for human ATXN3 show skipping

of exon 10 in brainstem of AON 10.4 treated mice. (B) Modified ataxin-3 protein (A C-terminus) was
observed in cerebellum of mice treated with AON 10.4.
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Supplementary Figure 3. MJD84.2 mouse does not present obvious ataxic phenotype at 5 months of age.
(A) No significant difference in bodyweight between wildtype and transgenic mice was seen, or between
scrambled and AON10.4 treated mice of both genotypes. (B) Wildtype and hemizygous MJD84.2 mice
were tested for motor performance in a home cage activity system at around 5 months of age. Scrambled
AON: 5 wildtype vs 5 SCA3 mice. 10.4 AON: 4 wildtype vs 6 SCA3 mice.
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ABSTRACT

Antisense oligonucleotides (AONs) are versatile molecules that can be used to modulate gene
expression by binding to RNA. The therapeutic potential of AONs appears particularly high
in the central nervous system, due to excellent distribution and uptake in brain cells, as well
as good tolerability in clinical trials thus far. Nonetheless, immune stimulation in response to
AON treatment in the brain remains a concern. For this reason we performed RNA sequencing
analysis of brain tissue from mice treated intracerebroventricularly with phosphorothioate,
2’0O-methyl modified antisense oligonucleotides. A significant upregulation of immune system
associated genes was observed in brains of AON treated mice, with the striatum showing
largest transcriptional changes. Strongest upregulation was seen for the anti-viral enzyme
2’-5’-oligoadenylate synthase-like protein 2 (Oasl2) and Bone marrow stromal antigen 2
(Bst2). Histological analysis confirmed activation of microglia and astrocytes in striatum.
The upregulation of immune system associated genes was detectable for at least two months

after the last AON administration, consistent with a continuous immune response to the AON.
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INTRODUCTION

Antisense oligonucleotides (AONs) are versatile molecules consisting of single strands of nucleic
acids capable of binding to RNA through standard Watson-Crick interactions. AONs have been
used since the 1960s ', and a wide range of chemical modifications have been developed to tailor
AONs to specific functions as well as improve their drug-like properties such as: binding energy,
stability and tolerability 2. Single-stranded AONs are mainly used for the down-regulation of
target transcripts through an RNAse-H dependent mechanism, or to induce steric blocking for
modulation of transcript splicing or translational inhibition *. Making use of these mechanisms,
AONEs are investigated as therapeutic agents for a wide range of diseases, and show particular
promise for neurodegenerative disorders °. This is mainly due to the favourable distribution
and excellent cellular uptake of AONs following administration in the cerebrospinal fluid
(CSF) *¢. An AON approach based on redirecting splicing of SMN2 to induce protein expression
as a treatment strategy for spinal muscular atrophy (SMA) ”® has arguably been most successful
thus far, with recent approval from the Food and Drug Administration (FDA) and European
Medicines Agency (EMA) being achieved for the drug Spinraza 7. AON-based therapies for
other central nervous system (CNS) disorders have also shown very promising preclinical

° and

results in animal models, where for instance target downregulation for huntingtin
SOD1 ' protein was achieved very efficiently in mice. SOD1 downregulation was the first
AON based therapy for the CNS to be successfully tested in phase 1 trial !, and AON based
downregulation of huntingtin as well as SOD1 are both in phase 2 clinical trial at the moment.

Most AONs currently in clinical development for CNS disorders contain a phosphorothioate
(PS) backbone modification to provide protection from nuclease degradation, improve cellular
uptake and to enhance AON stability 2. Despite its many advantages, the main drawback
of the PS backbone is its increased cellular toxicity compared to standard phosphodiester
linkage ". These side effects may arise due to non-specific binding to proteins '*'* or complement
activation '*. Indeed, PS-AON are known to induce production of IL-6, TNF-a, IL-12 and CCL5
when added to splenocyte cultures 7. At least some of these side effects also appear to occur in
the CNS, where AON administration has been shown to induce an immune response in the rat
brain . This immune stimulation has a clear AON sequence dependent effect, which can be
separate from RNA target engagement, as in particular the CpG motifs are known stimulants of
the Toll-like receptor 9 (TLR) *°. These immunostimulatory effects can fortunately be diminished
by 2’-sugar and 5-methyl cytosine modifications >, which also was shown to improve AON
tolerability in the CNS *.

Given the clinical advancement of AONs for disorders of the CNS, a comprehensive
assessment of potential side effects is required. For this reason, we assessed the effect of a PS
2'-O-methyl modified AON when administered intracerebroventricularly (ICV) in the mouse
brain. To assess changes induced at the transcript level, RNA sequencing analysis was
performed for striatum, cortex and cerebellum. Furthermore, immunohistological examination
was performed on striatal tissue to determine microglia and astrocyte activation after
AON administration.
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Table 1. overview of RNA sequencing samples from FVB test cohort

PBS treated AON treated
cerebellum n=7 week 2:n=4 n=38 week2:n=6
week 8: n =3 week 8: n =2
cortex n=38 week2:n=5 n=7 week2:n=5
week 8:n=3 week 8: n=2
striatum n=6 week 2: n =2 n=38 week2:n=5
week 8: n=4 week 8:n=3
MATERIALS AND METHODS
Animals

Wild-type FVB mice and C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor,
ME, USA). The test cohort of FVB mice used for RNA sequencing consisted of a total of 18
mice from 3 to 4 months of age, 3 of which received a total of 215 pg AON, 6 received 665 ug
AON and 9 received PBS. The independent validation cohort consisted of 12 C57BL/6 mice,
8 of which received a total dose of 500 pg of the AON and 4 animals received PBS. Animal
experiments were carried out in accordance with European Communities Council Directive
2010/63/EU and were approved by the Leiden University and Maastricht University animal
ethical committees. Mice were housed individually during experimental procedures, with food
and drinking water available ad libitum and with a reverse light/dark cycle of 12 h. Only male

mice were used for experiments.

AON administration

The AON consisted of a 19-mer (5'- CUGAACUGGUCUACAGCUC -3") 2 2% and followed
a steric blocking design with a full PS backbone and uniform 2’-O-methyl ribose modifications.
Nucleotides were not 5-methyl modified. The AON was designed to be non-complementary
to the mouse genome, with a maximum of 17/19 nucleotide complementarity. AONs were
dissolved in sterile PBS without calcium or magnesium and diluted to a maximum concentration
of 40 ug/pl for injection. Injections of AONs was performed ICV, following previously described
procedures **%. In brief, mice were fixed in a stereotactic frame under isoflurane anaesthesia,
and a burr hole was drilled in the skull. A 26 gauge cannula (Plastics1, Anaheim, CA, USA) was
implanted at coordinates (relative to bregma) AP: —0.4, ML: 1.0, DV: —1.7 mm, and fixed with
dental composite (OptiBond™ All-In-One, Kerr Dental, Bioggio, Switzerland). AONs or PBS
were administered under general anaesthesia at an infusion rate of ~ 1 pl/min for a total dose
of 215 pg or 665 pg. The simplified administration scheme is depicted in (Fig. 1A). The 215
ug dose was achieved through a total of 6 injections (15 pg to 50 pg per injection) during a 2
month period. Animals dosed to 665 g received 2 extra injection of 250 and 200 pg during
a 1.5 month period. Animals from the C57Bl/6 validation cohort received repeated injections
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of 5 ul of the same non-targeting AON at 20 ug/pl. Five injections for a total dose of 500 pg was

performed in these mice during a 10 week period.

Tissue collection

Mice were sacrificed either 2 weeks (n = 11) or 8 weeks (n = 7) post injection (Fig. 1A). Mice
from the C57Bl/6 validation cohort were sacrificed 4 months after the last AON injection
(n = 12). Brains were removed, and striatum, cortex and cerebellum of the left hemisphere
were snap frozen in liquid nitrogen and stored at -80 ‘C until RNA isolation. The entire right
hemisphere was fixed in 4% paraformaldehyde overnight at 4 "C. Tissue was then placed in 30%

sucrose for 1 or 2 days and stored in PBS containing 0.02% sodium azide at 4°C until sectioning.

Immunofluorescent stainings and assessment of GFAP and Aifl levels

Fixed mouse brain tissue was sectioned on a vibratome at 25 um thickness, and coronal sections
were collected in PBS containing 0.02% sodium azide. Sections were then washed with PBS
containing 0.2% triton-X100 for 10 min and incubated overnight with one of the following
primary antibodies diluted in 1% normal donkey serum: rabbit anti-PS-backbone (kind gift of
Ionis Pharmaceuticals, Carlsbad, CA, USA; 1:1000), rabbit anti-glial fibrillary acidic protein
(GFAP) (Dako; 1:1000), or rabbit anti-aifl (Wako Chemicals USA, Inc ; 1:500). Sections were
washed with PBS and incubated with secondary antibodies, donkey anti-rabbit-alexa Fluor 488
1:500 (Life technologies, Paisley, UK) for fluorescent optical density determination. After washing,
sections were mounted on superfrost plus coated microscope slides (Fisher Emergo, Landsmeer,
Netherlands). The slides were then immediately coverslipped using EverBrite hardset mounting
medium with DAPI (Biotium, Hayward, USA). For cell morphology assessment, the sections were
incubated overnight with the primary antibody with the same dilution, followed by a secondary
antibody 1:800 biotinylated donkey anti-rabbit (Jackson Immunoresearch Laboratories, West
Grove, USA ), and ABC-step (avidin-biotin-peroxidase complex, diluted 1:800, Elite ABC-kit,
(Vestastain, Burlingame, CA, USA). To visualize the horseradish peroxide reaction product,
the sections were incubated with DAB (3,30-diaminobenzidine tetrahydrochloride) with
nickel chloride intensification. Slides were washed, dehydrated and coverslipped using Pertex
(Histolab Products ab, Goteborg, Sweden). Optical density determination through fluorescence
was performed on three coronal sections per mouse (5 AON treated vs 5 PVS treated) at 10x
magnification using Image J software. Coronal sections of the striatum at 60x magnification
were scored for Aifl levels to assess microglia activation and for GFAP levels to assess astrocytes
number and state of activation. Morphology of cells was assessed for cells in 5 images from
three different sections per mouse. The scoring of microglia activation state was done based
on morphology assessment from previous studies > %. Aifl positive cells (microglia) were
categorized as resting or active state. Resting state microglia were characterized by small and
smooth-surfaced cell bodies with thin, ramified processes. Active microglia had an irregularly
shaped cell body with thicker, ramified processes. Activation of astrocytes was assessed similar

to previously described ¥. Resting state astrocytes had low levels of GFAP expression, with
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stellate morphology and numerous spatially distinct, thin branched processes. Active astrocytes
had increased GFAP expression, with a hypertrophic appearance and thicker, highly branched,

overlapping processes. Images of AON distribution were obtained as described previously *.

RNA isolation and sequencing

RNA was isolated from mouse striatum, cortex and cerebellum using the Trizol method and
PureLink RNA mini kit (Ambion, Thermo Fisher scientific, Waltham, MA, USA). Genomic
DNA was degraded using a DNAse incubation according to manufacturer’s protocol, and
concentration and purity of RNA was determined by Nanodrop spectrophotometry. Library
preparation and RNA sequencing was done at deCode Genetics (Reykjavik, Iceland). Starting
material was approximately 1 pg of total RNA, with an average RIN value of 7.6 (SD + 0.3).
Quality of RNA was determined using the LabChip GX (Perkin Elmer, Waltham, USA). Sample
preparation was performed non-strand specifically, using the TruSeq Poly-A v2 kit (Illumina,
San Diego, USA). Capture of mRNA was performed with magnetic poly-T beads, followed by
fragmentation. Synthesis of cDNA was then performed with random hexamer primers using
the SuperScript IT kit (Invitrogen, Carlsbad CA, USA). Subsequently, 2™ strand cDNA synthesis
was performed in conjunction with RNAse-H treatment. Indexing adapters were ligated to
the ds-cDNA and amplification was performed using PCR. Insert size and sample diversity was
assessed through pool sequencing on a MiSeq instrument (Illumina). Sequencing (read length
2x125 cycles) was then performed using the HiSeq 2500 with v4 SBS sequencing kits. Illumina
scripts (bcl2fastq v1.8) were used for demultiplexing and FASTQ file generation. Counts were

aligned to genes of the mouse reference genome build 10 (GRCm38/mm10).

Analysis of differential gene expression

Analysis of gene expression was performed only on genes exceeding an average of >4 counts per
million (CPM). Gene counts were normalized using the trimmed mean of M-values (TMM)
normalization method *. Differential gene expression was performed using the R package edgeR,
version 3.14.0 *. A principal component analysis was performed to assess clustering of samples
per brain region, and 6 out of 53 samples were excluded based on abnormal clustering (Fig.
S2A). One additional sample was excluded based on the fact that there was a large percentage
of reads originating from a single gene (Fig. S2B). The design model matrix for edgeR was
described as model.matrix(~ treatment_group * brainregion) to allow for detection of AON
treatment effects at the transcript level accounting for the different brain regions. Dispersion
was estimated using the design matrix, after which a generalized linear model (GLM) was fitted
using the glmFit function. Likelihood ratio test was performed using the glmLRT function on
the coefficients of AON treatment and the interaction term treatment*brainregion. To assess
the effect of the AON treatment within each brain region, a coefficient was assigned for each
brain region and treatment group. The gImLRT function was then performed with contrast
argument to allow pairwise treatment effect comparison for each brain region. Genes were
considered significantly differentially expressed when the false discovery rate (FDR, Benjamini-

Hochberg) was below 0.05. Data was plotted using ggplot 2 or graphpad Prism version 7.0.
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Pathway analysis

Genes found to be significantly differentially expressed between PBS and AON treated mice
at FDR < 0.01 were included for pathway analysis using Ingenuity (Ingenuity Systems Inc.,
Redwood City, CA; www.ingenuity.com). Functional annotation of genes was performed
using DAVID bioinformatics resources 6.8 (https://david.ncifcrf.gov). Pathways and biological
processes with corrected p-value < 0.05 (Benjamini-Hochberg) were considered significantly

enriched in the dataset.

Validation with ddPCR
To validate the RNA sequencing results, droplet digital PCR (ddPCR) was performed on

striatum RNA from the same samples as used for RNA sequencing for the FVB test cohort,
and using RNA from a separate C57Bl/6 validation cohort. cDNA was generated as previously
described ** using Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany)
with random hexamer primers. The amount of cDNA that was used per reaction was
the equivalent of 30 ng of RNA for ddPCR for genes of interest. Due to high expression, 5 ng of
input was used for reference genes. PCR product sizes ranged between approximately 100 and
200 bp (primer sequences are listed in Table S1). PCR reactions were set up using QX200 ddPCR
EvaGreen Supermix (Bio-Rad, Hercules, CA, USA), with 100 nM of forward and reverse primer
in an end volume of 22 pl. Between 15,000 and 20,000 droplets were generated using an AugoDG
droplet generator and DG32 cartridges (Bio-Rad). PCR was then performed as follows: 10 min
denaturation at 95°C followed by 40 cycles of 30 sec at 94°C and 1 min at 58 °C. The reactions
were ended for 5 min at 4°C, 5 min at 90°C and then cooled to 10°C. The ramp rate for all steps
was 2°C/sec. Droplets were quantified using the QX200 droplet reader (Bio-Rad) and analysed
with QuantaSoft analysis software (Bio-Rad). Expression was normalized to reference gene

expression level, and copies of target transcript per pl are reported.

RESULTS

AONS s lead to upregulation of the antiviral enzyme Oasl2

A total dose of 200 pg AON administered ICV did not result in any negative effect on
the bodyweights of the mice in the FVB test cohort (Fig. 1B). However, in the C57Bl/6 validation
cohort a significantly reduced bodyweight was observed already after 100 ug of AON, which
persisted until the end of the study (Fig. S1). Despite this, epileptic seizures were sporadically
observed directly after AON administration in our FVB test cohort, but not the C57Bl/6
validation cohort. This observation is consistent with previous reports of increased sensitivity
to epileptic seizures in mice of FVB background *. Immunohistological staining for the PS
backbone revealed widespread AON distribution throughout the isolated brain regions (Fig.
1C). Striatum, cortex and cerebellum tissue from mice treated ICV with either AON or PBS was
collected for RNA sequencing (Fig. 1A).When analysing the 8 weeks (215 pg) and 2 weeks (665

ug) AON treatment groups from the FVB test cohort, no major differences in gene expression
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Figure 1. Study design and AON cellular uptake. A) During a 5 month period, FVB mice of the test cohort
were injected intracerebroventricularly with a total of 215 pug AON (achieved with a total of 6 injections)
or 625 ug AON (achieved with 2 additional injections). Two and 8 weeks after the last injection, mice were
sacrificed and the right hemisphere was fixed for histology. Cortex, striatum and cerebellum were isolated
from the left hemisphere for molecular analyses. B) Intracerebroventricular AON injection did not result in
altered bodyweight compared to PBS injected mice in the FVB test cohort. Data depicted from mice treated
with 215 pg AON (n = 4) or PBS (n = 5). C) Histological analysis showing AON distribution throughout
the brain 2 weeks after the last injection.

were found between these dosage groups. For this reason it was decided to combine the 2- and 8
week time points groups for analysis of differential gene expression to obtain increased power for
the comparison AON versus PBS treated. After exclusion of samples with low number of reads,
poor alignment, or outliers in principal component analysis (Fig. S2A), a total of 44 samples
were included for analysis of differential gene expression (Table 1). A median of 7.9 million
reads per sample were aligned to the mouse reference genome (GRCm38/mm10). Genes with
low expression (CPM < 4) were excluded, leading to inclusion of 12,160 genes for differential
gene expression analysis. None of the mouse genes containing >16 nucleotide homology in
BLAST?* analysis were observed to be downregulated in the RNA sequencing analysis.

Gene expression analysis revealed a total of 925 genes differentially expressed (FDR <0.05) in
at least one brain region of animals treated with AON. The top 10 differentially expressed genes
and corresponding fold changes per brain region are depicted in Table 2. The largest and most
consistent change observed for each brain region was an upregulation of 2’-5’-oligoadenylate

synthase-like protein 2 (Oasl2) (Fig. 2A), which is an dsRNA-activated antiviral enzyme
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Figure 2. Increased expression of Oasl2 in brain of AON treated mice. A) RNA sequencing shows
expression of Oasl2 and Bst2 most strongly upregulated in response to AON, in particular in the striatum.
* = FDR < 0.05, based on 8 vs 8 mice, analysis on samples of 2 weeks and 8 weeks after AON injection. B)
ddPCR validation of top upregulated (Oasl2) and top downregulated (Nrp2) genes in striatum at 2 weeks
after AON injection (FVB test cohort), and 4 months after AON injection ( C57Bl/6 independent validation
cohort). Based on ddPCR of 4 vs 4 mice. * = p < 0.05 using student’s t-test.

involved in the innate antiviral response. Oasl2 requires double-stranded RNA as a co-factor **,
though the enzyme does not have a characteristic dsSRNA binding motif *.

Other top differentially upregulated genes were also involved in the immune and anti-viral
response, such as Bone marrow stromal antigen 2 (Bst2), Histocompatibility 2, Q region locus
4 (H2-Q4) and Interferon-induced protein with tetratricopeptide repeats 3 (Ifit3). In general,
the upregulation of these genes was observed to a larger extent in the striatum than in the cortex
and cerebellum, and were altered at both the 2 and 8 week time points after AON injection.
Since AON uptake is comparable between striatum and cortex, it is unlikely that this difference
is due to uptake efficiency of the AON. The top upregulated (Oasl2) and a downregulated (Nrp2)
gene was validated using ddPCR on the same striatum RNA as was used for RNA sequencing.
Both transcripts showed similar expression differences as detected in the RNA sequencing
analysis, with Oasl2 showing strong significant upregulation in AON treated mice (log2FC =
2.87) and Nrp2 showing significant downregulation (log2FC = -1.05). A similar upregulation of
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Oasl2 (Fig 2B) and several other immune system associated genes (Table S2) was also confirmed
in the C57Bl/6 validation cohort through ddPCR. The immunostimulatory effect of the AON
appears to be long lasting since mice of the validation cohort were sacrificed 4 months after
the last AON administration (Fig. S1) and seems to be independent of the genetic background

of the mice.

Immune system pathways are activated in AON treated brain
To determine which biological processes are altered in the mouse brain in response to

AON administration, we performed pathway analysis using Ingenuity ¥ and DAVID * on

the significantly altered genes with FDR < 0.01 observed in the RNA sequencing analysis.
This approach led to inclusion of 379 genes with relatively large changes that showed a most
consistent change across the three brain regions. The significant canonical pathways and
biological processes (KEGG) that are altered in response to the AON are listed in Table 3.
Pathways involving the immune system, such as interferon and B-cell receptor signalling were
activated in the AON treated mice.

Examination of the biological processes with DAVID showed that the most significant
alteration in immune system associated genes. This process included 11 differentially expressed
genes that were most strongly upregulated in striatum (Fig. 3). We validated 5 of these genes
through ddPCR, (Fig. 2B and Table S2) which confirmed upregulation of the immune system
associated genes Oasl2, Ifit3, Bst2, Trim25 and Lgals3bp genes in striatum of AON treated mice
in both the FVB test- and C57Bl/6 validation cohort. Together, these upregulated genes point
to an innate immune response and complement activation, which constitutes the immediate

defense in response to potential pathogens. In the context of the brain, this would suggest
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Figure 3. Immune system associated genes are upregulated in brain after AON injection. Expression of
11 significantly altered genes in brain belonging to immune system process (GO:0002376). Based on RNA
sequencing analysis of cortex, cerebellum and striatum from 9 PBS treated vs 9 AON treated animals.
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Table 3. Pathways and biological processes altered after AON treatment

Activation

Number of genes FDR z-score
Pathway (Ingenuity)
Interferon Signaling 5 3.2E-04 2.0
G-Protein Coupled Receptor Signaling 13 7.9E-04 NA
GABA Receptor Signaling 6 1.1E-03 NA
B Cell Receptor Signaling 10 1.5E-03 2.3
IGF-1 Signaling 7 2.1E-03 NA
Leukocyte Extravasation Signaling 10 3.2E-03 2.3
Neuropathic Pain Signaling In Dorsal Horn Neurons 7 3.4E-03 1.9
Complement System 4 3.4E-03 2.0
Biological process (KEGG) Number of genes FDR Identifier
Immune system process 11 2.8E-05 GO:0002376
Cellular response to interferon-beta 5 5.2E-04 GO:0035456
Antigen processing and presentation of peptide antigen via 4 2.6E-03  GO:0002474
MHC class I
Defense response to virus 6 0.01 G0:0051607
Innate immune response 7 0.03 GO:0045087

microglia involvement. For this reason, we next performed histological analysis of

microglial activation.

Microglia activation and increased astrocyte density
Based on the transcriptomic analysis, administration of the AON resulted in an immunologic
response most strongly in the striatum of the mice. To further assess this innate immune response,
immunohistological staining was performed on brain sections for the microglia marker allograft
inflammatory factor 1 (Aifl) and for the astrocyte marker glial fibrillary acidic protein (GFAP).
Microglia are brain resident macrophages that are widely expressed in the brain and constitute
a major component of the innate arm of the brain immune system *> . In the RNA sequencing
analysis, Aif]l expression was significantly increased in the AON treated mouse brain. Mean
optical density measurements in striatum did not reveal a significant change in the Aifl levels
in AON treated mice (Fig. 4B), indicating no significant increase in the number of microglia
cells. However, when more closely examining the number of activated and resting state cells, an
increase in activated microglia was observed in striatum of AON treated mice (Fig. 4C), similar
to previously reported for CpG-containing AONs *!.

RNA sequencing results did not show significant alteration of GFAP transcript levels in
AON treated mice. However, staining of GFAP in AON treated animals did reveal a small
significant increase in mean optical GFAP density in striatum (Fig. 4B). GFAP is a marker for

reactive astrocytes, which is a common cell type of the CNS with a wide range of functions.



AON mediated immune stimulation in mouse brain

A C B
Microglia (Aif1) Aif1 and GFAP density

2.5x109%- . [ PBS treated
——_ @ AON treated

2.0x10°¢

1.5x 10

1.0x10%

mean optical density

5.0x10°54

0

Aif1 GFAP

w)

Microglia morphology GFAP morphology
*

oo
1
S
o
1

L)
— . -00 .

ratio = 0.49 [ato=147 [ Resting ,ﬁ - [ Resting
0 6 Active @ 304 — Active
2 T 3
o o
= L3
2 4 T 2 20- ,
g g ratio = 1.19 -
£ £
- - B §

0 T T 0 T T
PBS AON PBS AON
treated treated treated treated

Figure 4. Assessment of astrocyte and microglia markers in striatum. Histological analysis of
the microglia marker Aifl and astrocyte marker GFAP was performed on 3 coronal striatum sections per
mouse. A) Representative example of microglia staining with Aifl of a PBS and AON treated mouse at 40x
magnification. B) Quantification of the optical density revealed no observable change in Aifl levels, but did
show a significantly increased level of GFAP. C) Despite no increased number of Aifl positive cells, the ratio
of active to resting state microglia was significantly increased in striatum of AON treated mice. D) Scoring
of GFAP morphology showed a general increase in astrocytes in AON treated mice, and a trend towards
increased ratio of active over resting state cells. Based on 3 sections per mouse from 5 vs 5 mice. * p < 0.05
with student’s t-test.

Astrocytes express Toll-like receptors (TLR) and are capable of producing several cytokines and
chemokines *2. Reactive astrogliosis is often a response to cytokines such as TGF-a or through
indirect activation via neurons, microglia or endothelial cells . When examining the activity
state of astrocytes in the striatum, an increase in the number of active glia cells was observed
in AON treated mice (Fig. 4D). To determine whether the immune stimulatory effect was not
restricted to a single AON sequence, additional immunohistological stainings of brain tissue
from a previous mouse study (described in [24]) was used. This AON was also a 2-‘O-methyl
PS-AON and was complementary to both the murine and human huntingtin mRNA, but showed
no effect on the murine huntingtin transcript [24]. Similar to the AON used in the present
study, this second AON resulted in increased astrocyte and microglia activation in the striatum
of AON treated mice (Fig. S3), suggesting that the immune stimulation reported here is not

restricted to a single AON sequence.
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DISCUSSION

AONs are increasingly being used for treatment of CNS disorders, and have recently received
FDA approval for treatment of SMA *. In this study we set out to determine the side effects of
a uniformly modified 2-‘O-methyl PS-AON in the mouse brain. This type of AON is typically
implemented in steric blocking applications, such as exon inclusion or exon skipping °.

The AON did not contain CpG motifs, which are known to be potent immunostimulatory
agents . A bolus ICV injection led to widespread distribution and cellular uptake throughout
the mouse brain, in line with previous reports using similar AON chemistries * 2. Despite
using the same AON, we observed different effects on bodyweight in our FVB test and C57Bl/6
validation cohort of mice. Mice in the validation cohort showed a reduction in bodyweight
already after 100 pg ICV administration of AON, whilst our test cohort showed no discernible
difference in bodyweight at a dose of 615 pug AON. This disparity may be the result of differences
between the FVB and C57Bl/6 mouse background, or the differences in dosing schedule between
the two cohorts.

Through RNA sequencing analysis, we found that the AON led to upregulation of several
transcripts associated with the immune system. The largest upregulation was observed for
Oasl2, Bst2, Ifit3 and H2-Q4. These genes were upregulated in all brain regions tested (striatum,
cortex and cerebellum), and generally showed a slightly larger fold change in the striatum
compared to cortex and cerebellum. Given comparable AON uptake in striatum and cortex, this
suggests the striatum is more sensitive to the immunostimulatory effects of the AON. The top
differentially expressed genes were also found upregulated in the C57Bl/6 validation cohort,
indicating that the immune system activation is not dependent on the genetic background of
the mice.

It has been found that particular AON sequences, even without CpG motifs, can result in
an atypical inflammatory response *. It is therefore important to consider that the immune
stimulatory effects we describe here can potentially be confounded by the specific sequence
of the AON used. However, we have confirmed the microglia and astrocyte activation for
a different AON sequence of identical chemistry (Fig. S3), indicating that the results described
here are not unique to one sequence.

The most strongly upregulated gene in response to the AON, Oasl2, belongs to
the 2’5’-oligoadenylate synthetase gene family, of which a total of 11 have been identified in
mouse, compared to 4 in human ¥. In the mouse brain, Oasl2 is the most highly expressed
of the enzyme family * and is an antiviral enzyme which through oligoadenylate synthetase
activity activates ribonucleases, resulting in degradation of viral RNA. Oasl is one of the proteins
upregulated in response to type I and II interferon (IFN) cytokines, and confers resistance to
viral infection *. In response to virus infection, IFN induced upregulation of Oas activates
the ribonuclease L, which leads to RNA degradation *.

The second most upregulated gene observed in AON treated mice, the transmembrane
protein Bst2, is also an IFN induced protein. Similar to Oasl2, Bst2 is a component of the innate

defence response to viruses *. Bst2 is also known as tetherin, because it was identified as
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a protein that caused retention of virions on infected cell surfaces *'. Bst2 is able to tether
these virions based on recognition of pathogen-associated molecular patterns (PAMPs), but
is also able to act as a pattern-recognition receptor capable of signalling to the immune system
through NFkB-dependent proinflammatory gene expression *%. Indeed, double-stranded RNA
is a known PAMP recognized by TLR3, which upon activation results in NF-kB and IFN-beta
production *. Surprisingly however, Bst2 showed negligible ability to induce NF-«B response %,
suggesting this downstream signalling pathway may not have been activated in the mouse brain
here. In line with this, we did not observe significant alteration in expression levels of NFKBI
between PBS and AON treated mice. The increase in Bst2 expression in this study (Log2FC =
2) is not substantially different from what was previously observed in transcriptional analysis
of a mouse centrally injected with lippolysaccharide (LPS), where Bst2 showed a Log2FC of
2.82 **. This observation indicates that the immune activation in response to the AON can be
quite substantial at the dosages tested here, although expression changes of other immune
response genes are more mildly affected in our study compared to LPS injection **.

Another strongly upregulated gene in brain of the AON treated mice was Ifit3. Similar to Oasl2
and Bst2, Ifit3 is an anti-viral protein that is upregulated in response to IFN signalling *. Ifit3
restricts DNA and RNA virus replication, and evidence suggests that the Ifit family of proteins
plays an important role in destruction of invasive RNA *°. Ifit proteins are able to bind viral RNA
and sequester viral proteins in the cytoplasm *. The observation that several IFN induced genes
are upregulated in response to the AON suggest that the innate immune system is activated
in response to the AON, resulting in IFN signalling. In line with this, we observed microglia
activation based on significant AifI transcript upregulation in RNA sequencing analysis, as well
as increased active state microglia cells in histological examination. These observations are in
concordance with previous reports, where doses higher than 100 pg of 2-‘O-methyl PS-AON
led to significant Aifl transcript upregulation °. Similarly, the observed increase in astrocyte
activation in this study is indicative of a neuroprotective response in response to the AON 3,
Though the role of reactive astrocytes is still not well understood, it was recently found that
A1 reactive astrocytes are induced by cytokines originating from activated neuroinflammatory
microglia *°. The observed astrocyte activation in striatum of AON treated mice may thus be
a downstream result of microglial activation.

The mechanisms underlying the immune activation by RNA and AONs has been previously
investigated, and a large portion of the immune activation originates from TLR stimulation
(reviewed in *). This activation can be antagonized upon 2’-O-methylation of RNA ¢, which
strongly reduces the immunostimulatory effects of the AON. Nonetheless, even in absence
of CpG motifs and having 2’-metoxyethyl modifications, AONs are still capable of inducing
an immune response ®. In particular TLR3, 7 and 8 were shown to recognize single-stranded
RNA ¢+, Though the majority of TLRs sense stimulatory components on the cell surface,
TLR3, 7 and 8 sense nucleic acids in endosomal compartments of the cell . These three TLRs
are expressed in microglia of mice ¢, whilst astrocytes in contrast only express low levels of
TLR2, 4, 5 and 9 in resting state ®. This argues for an initiatory role of the microglia, which are
able to sense the AONSs through their TLRs, resulting in cytokine production and downstream
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activation of the astrocytes. However, it is also known that human neurons express TLR3 ® and
TLR8 7, and are able to initiate an anti-viral response characterized by cytokines (TNF-alpha,
IL6), chemokines (CCL-5, CXCL-10) and antiviral molecules 2’5’OAS and IFN-beta ¢.

Of note, the TLR receptors and general immune response is known to differ between
mouse and human 7>72, For instance, CpG stimulatory sequences do not elicit TLR9 dependent
TNF-alpha dependent toxicity in humans after pulmonary administration, while they do in
mice 7. This difference was hypothesized to be due to differential TLR9 expression patterns
between rodents and primates, as monocyte/macrophage cells do not express TLRY in
primates . Further, small interfering RNA (siRNA) was shown to be a ligand for the murine
TLR3, whereas the human TLR3 was unresponsive to the siRNA 7. It may therefore be difficult
to extrapolate the murine immune response for AONSs to the human situation.

However, also the use of monkeys as a model for AON tolerability has presented difficulties,
as monkeys have a greater sensitivity to complement activation in response to second generation
AONSs compared to humans 7>7°. As such, mouse models may overestimate the contribution of
AON sequence specific effects, whilst experiments in monkeys appear to overestimate the AON
induced complement activation aspect.

In conclusion, we show here that a 2-‘O-methyl PS-AON of 19 nucleotide in length results
in mild activation of the innate immune response when administered to the mouse brain.
The immune activation is characterized by increased activation of microglia and astrocytes,
likely resulting in IFN signalling. The resulting transcriptional changes in the brain are most

strongly identified by upregulation of Oasl2 and Bst2.
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Supplementary Figure 1. Bodyweights of mice in validation cohort. C57BL/6 mice were injected
intracerebroventricularly with a total of 500 ug AON during 10 weeks. Significantly reduced bodyweight
was observed after each 100 pg AON injection. Mice were sacrificed approximately 4 months after the last
AON injection for molecular analysis. Based on 4 PBS injected vs 8 AON injected mice.
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Supplementary Figure 2. RNA sequencing quality control. A) Principal component analysis was
performed on normalized gene counts to determine clustering per brain region. Depicted is plot of samples
used for differential gene analysis. B) Percentage of total reads per gene shows similar distribution for all 44
RNA sequencing samples. The first 1000 genes sorted on highest read counts are depicted, accounting for
approximately 50% of total reads per sample. C) Average 5' to 3’ read bias per treatment group. D) Average
GC percentage of reads per treatment group.
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Supplementary Figure 3. Assessment of astrocyte and microglia markers in striatum of AON treated
mice. Immunohistological staining was performed for an extra group of mice treated ICV with 665 ug of
a different AON (AON 2) from a previous study **. AON 2 is also a fully PS backbone, 2’0-methyl modified
19-mer (sequence: GUCCCAUCAUUCAGGUCCAU), designed for splicing modulation of huntingtin,
but was shown not to affect murine huntingtin 2. The PBS treated group is identical as in figure 4. A) Based
on GFAP based morphology scoring, a significantly increased ratio of activated astrocytes were present in
striatum of AON 2 treated mice compared to PBS treated mice. B) Significantly increased levels of activated
microglia were detected in striatum after treatment with AON 2. C) Optical density quantification showed
increased levels of GFAP in striatum after AON 2 treatment. Based on 3 sections per mouse and 5 mice per
treatment group. * p < 0.05 with student’s t-test.
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SUPPLEMENTARY TABLES

Supplementary Table 1. primers used for ddPCR and ddPCR

Target gene (mouse) Primer name Sequence (5" to 3')

Nrp2 mNrp2_ex9_fw AGCCTAAATGGCAAGGACTG
Nrp2 mNrp2_ex10_rev ATCGAACCTTCGGATGTCAG
Slfn5 mSlfn5_Qex4_Fw ATGTGTGGAAGACCTGCAGAAG
Slfn5 mSlfn5_Qex5_Rev AATCTGCGAAGAGGTCCTTG
Trim25 mTrim25_Qex4_Fw ATGGCTCAGGTAACAAGGGAG m
Trim25 mTrim25_Qex6_Rev GGGAGCAACAGGGGTTTTCTT
Bst2 mBst2_Qex1_Fw CACAGGCAAACTCCTGCAAC
Bst2 mBst2_Qex3_Rev TGGTTCAGCTTCGTGACTTC
Ifit3 mlfit3_Qex1_Fw TTTCCCAGCAGCACAGAAAC
Ifit3 mlfit3_Qex2_Rev ACTTCAGCTGTGGAAGGATCG
Oasl2 mOASL2_Qex3_Fw TGAAGAACCTCCTCCGGTTG
Qasl2 mOASL2_Qex4_Rev TTTTGAGGGCAACACTGCAC
Lgals3bp mLgals3bp_Qex1_Fw TGCTGGTTCCAGGGACTCAA
Lgals3bp mLgals3bp_Qex2_Rev CCACCGGCCTCTGTAGAAGA
Hprt mHprt_Qex6_fw TCCCTGGTTAAGCAGTACAGCC
Hprt mHprt_Qex7_rev CGAGAGGTCCTTTTCACCAGC
Actb mActb_Qex2_Fw GGCTGTATTCCCCTCCATCG
Actb mActb_Qex3_Rev CCAGTTGGTAACAATGCCATGT
Rpl22 mRpl22ex3_fwl AGGAGTCGTGACCATCGAAC
Rpl22 mRpl22ex3_revl TTTGGAGAAAGGCACCTCTG

Supplementary Table 2. Validation of expression changes in striatum

Log2FC Log2FC Log2FC

Gene RNA sequencing ddPCR test cohort ddPCR validation cohort
Slfn5 0.8 1.4 NT

Oasl 2.5 2.7 2.8

Ifit3 1.8 1.7 2.4

bst2 2.7 2.1 2.7

Trim25 0.8 1.0 1.2

Lgals3 1.3 0.9 1.4

Nrp2 -1.0 NT -0.7

The Log2FC for the top differentially expressed genes in striatum of AON treated mice was validated using ddPCR using
RNA from the test- and validation cohort. To allow for high throughput, cDNA from mice in the same treatment group
were pooled. Test cohort: 4 PBS vs 6 AON treated mice. Validation cohort: 4 PBS vs 8 AON treated mice.
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Discussion

In this thesis AONs were investigated as a potential therapy for the neurodegenerative disorder
SCA3. Currently, only symptomatic treatment is available, and there is thus an immediate need
for therapies preventing disease onset and disease progression. The monogenetic nature of SCA3
makes it a good candidate for generation of genetic therapies such as AONs. Additionally, AONs
have proven versatile molecules that show particular promise for use in the CNS (chapter 2).
In this thesis, we have investigated two different AON based exon skipping therapies for SCA3.
In the first approach, the aim was to prevent the formation of toxic polyQ protein fragments
by skipping exons encoding the proteolytic cleavage sites (chapter 3). In the second approach
we directly targeted the CAG repeat containing exon of ATXN3 for exclusion, and tested this
approach in a SCA3 mouse model (chapter 5). Finally, we assessed potential side effects of
phosphorothioate modified AON treatment in the mouse brain with RNA expression profiling
(chapter 6). The results obtained in this thesis will be discussed both in the broader context
of SCA3 molecular pathogenicity, and with regards to the use of AONs as a potential therapy
for SCA3.

RECENT DISCOVERIES ON SCA3 PATHOLOGY

Gain of toxic protein function

Aggregation and formation of neuronal inclusion bodies containing the expanded polyQ protein
region was one of the first pathologic hallmarks discovered in SCA3 brain material '. In part due
to this observation, it was hypothesized that the expanded polyQ region of the mutant protein
leads to gain of toxic function, perhaps due to sequestration of other proteins into the aggregates
or through direct toxicity of the aggregates themselves. The opposing viewpoint has also been
argued, namely that the polyQ expansion induces a loss of ataxin-3 protein function, in turn
contributing to pathogenicity. A loss of the deubiquitinating activity of mutant ataxin-3 seems
unlikely however, as we and others have shown that mutant ataxin-3 can both bind (chapter
3) and cleave (chapter 5) ubiquitin chains similar to wild-type ataxin-3. Similarly, mutant
ataxin-3 can still interact with VCP 2, as well as the DNA damage response proteins RAD23 * and
PNKP *°*. Since interaction for these proteins with mutant ataxin-3 is retained, this argues
against a “loss of wild-type function” pathologic model in SCA3.

In favor of the gain of toxic protein hypothesis, it was for instance recently discovered that
mutant ataxin-3 inactivates PNKP, resulting in inefficient DNA repair and culminating in
apoptosis °. Furthermore, an RNA expression profiling experiment compared a SCA3 mouse
containing the mutant human ataxin-3 protein to an ATXN3 knockout mouse, with the knockout
mice showing fewer differentially expressed genes than SCA3 mice °. If a loss of ataxin-3 function
underlies SCA3 pathogenesis, it would be expected that ataxin-3 knockout mice present with
similar affected pathways as transgenic SCA3 mice. Hence, a gain of toxic protein function over

loss of ataxin-3 function seems more likely to be the main source of pathogenicity in SCA3.
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Role of toxic polyQ fragments

The aim of the experiments described in chapter 3 was to prevent proteolytic cleavage of
ataxin-3, in order to reduce cellular toxicity. The reasoning behind this approach ties in
with the toxic gain of protein function, as it has been shown that shorter protein fragments
containing the polyQ expansion were in fact more toxic than full-length mutant ataxin-3 7.
Besides displaying increased cellular toxicity, the polyQ fragments also appear to be central to
initiation of the aggregation process and subsequent formation of inclusions in cells & It remains
to be determined whether the cellular toxicity can be attributed mostly to the ataxin-3 cleavage
fragments themselves, or to their initiation of aggregate formation. The two main families of
proteolytic enzymes associated with ataxin-3 cleavage are the caspases and calpains. As we
reviewed in chapter 1, a greater body of evidence supports the role of calpain generation of toxic
ataxin-3 protein fragments. Both the spontaneous generation of the polyQ fragments as well as
the cytotoxic effects appear to be highly cell-type specific. In general, polyQ containing protein
fragments are generated in non-neuronal cells only when perturbing the cells by artificially
inhibiting autophagy or the proteasome. Using induced pluripotent stem cell (IPSc)-derived
neurons, Koch and colleagues were able to show that only active neurons were prone to generation
of the toxic ataxin-3 cleavage fragments due to calcium influx induced activation of calpains,
with subsequent formation of aggregates °. As this process was not observed in fibroblasts or
glia cells, these experiments provided a possible explanation as to why predominantly neurons
are vulnerable to ataxin-3 aggregate formation. These results were however not replicated in
more recent studies and thus require further validation '°. The latest studies in cell models were
however able to show that point mutations of 2 calpain sites abolished ataxin-3 fragmentation
1. Also, transgenic mouse models were used to further establish the initiating role of the polyQ
fragment in aggregate formation ', and inhibition of calpains was shown to diminish mutant
ataxin-3 cleavage, nuclear localisation and aggregation . As such, the toxic fragment hypothesis
of ataxin-3 is currently well supported, and a central role for calpain cleavage in this process still

appears valid.

Recent findings suggest potential involvement of transcriptional dysregulation, as well as RAN and
RNA toxicity in SCA3 pathogenicity

Other emerging disease mechanisms

The mechanisms through which ataxin-3 fragments and aggregates exert their cellular toxicity
in the brain are still under investigation. Transcriptional dysregulation due to mutant ataxin-3
was already described over a decade ago in SCA3 cells and brain material, where inflammatory
gene upregulation was shown ™. Since this period, subsequent transcriptomic analysis in mouse

models have identified potential involvement of glutamatergic neurotransmission, calcium
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signalling and MAP kinase pathways '°. Further, oligodendrocytes were found particularly
affected by the process of transcriptional dysregulation, suggesting white matter vulnerability
in SCA3 as well 6. In our transcriptomic studies of the MJD84.2 mouse (chapter 4), we also
found evidence suggestive of affected oligodendrocyte function and altered transcription
of genes involved in myelination. Potential involvement of the immune system or calcium
signalling was however not strong in our dataset. The observed differences between the studies
may reflect distinct SCA3 disease stages, since the mice used for our study can be considered
presymptomatic. Indeed, we did not detect signs of neurodegenerative or apoptotic processes
taking place in the brain transcriptome of SCA3 mice, and we were unable to detect reduced
performance in various motor coordination tests. Validation of the transcriptional changes in
brain material of SCA3 patients would thus be useful to determine whether the transcriptional
alterations we outline in chapter 4 are consistent with the human condition.

Another disease process associated to repeat disorders is repeat associated non-ATG (RAN)
translation '*" and ribosomal slippage upon repeat translation *. Both these processes can
result in translation of the CAG repeat in a different reading frame, generating either polySer
or polyAla amino acid stretches, or even polyLeu and polyCys stretches for RAN translation

21 were shown to be

of antisense transcripts . These protein stretches, especially polyLeu
more toxic and aggregation prone in cells compared to polyQ repeats . Interestingly, the RAN
proteins were detected in affected brain regions of HD patients, and polyAla accumulation and
polySer aggregation were particularly abundant in cells expressing repeats >52 7. These findings
are interesting when relating them to SCA3, as the repeat length required for RAN protein
accumulation to occur in HD corresponds to the pathogenic repeat threshold for SCA3 (>54
CAGs). A logical next step is therefore to probe SCA3 mouse and patient material for presence
of the alternative repeat protein stretches and establish whether they are present at levels that
may contribute to neurodegeneration.

The aspect of RNA toxicity is also a disease mechanism that may be involved in SCA3.
Ling-Bo and colleagues were the first to discover that interrupting the pure CAG repeat of
ataxin-3 with CAA codons mitigated toxicity in Drosophila *2. Since a CAA codon also encodes
glutamine and the protein expression levels were similar, the observed neuronal degeneration
in this experiment was attributed to an RNA effect. Additionally, it was shown that a pathogenic
length of CAGs in an untranslated region also conveyed neuronal toxicity **. However, RNA foci
typically arise for repeat expansion lengths that are beyond what is normally found in SCA3

patients, and hence involvement of RNA toxicity in SCA3 still remains to be reliably established.

SCA3 cell and mouse models

Due to the scarcity of human SCA3 brain material and the limitations this tissue presents in
investigating molecular disease mechanisms, the vast majority of knowledge on pathogenic
mechanisms have been obtained using SCA3 cell and mouse models. Cell models are typically
useful for high throughput screening of therapeutics, as well as discovery of novel molecular

effects in response to mutant ataxin-3 expression. Variation in cell culture experiments is

187



188

typically very low, due to strictly controlled culturing conditions and absence of cell type induced
variation. Conversely, modelling of neurodegenerative disorders in cell culture experiments has
been notoriously difficult due to complexity of the brain. As a result, predictive validity of cell
culture to the in vivo situation is often limited. In case of SCA3, a good example of this limitation
is aggregate formation, which must be artificially induced in cell culture and yet spontaneously
occurs in SCA3 mouse brain. An important step forward in this regard has been the advent
of IPS cells, which can be differentiated into neurons and glial cells hence offer a promising
opportunity to more accurately study disease mechanisms of neurodegenerative diseases in
cell culture . IPS cell lines for SCA3 have been generated >, and studies with these cells are
currently ongoing. In the research described in this thesis, we have typically used SCA3 patient
derived fibroblast to screen AON efficacy. So far, results of in vitro AON eflicacy has correlated
well to the effects observed when infused in the mouse brain (chapter 5). However, a clear
limitation of the fibroblasts is their inability to predict AON tolerability in the mammalian brain.
As we show in chapter 6, intracerebroventricularly infused AONs in mouse brain can result in
immune stimulation which is long lasting and can preclude dosing of AONs to therapeutic
levels. Though the extent of AON-induced immune stimulation in the human CNS remains to
be established, animal models remain imperative to establish pharmacokinetics and tolerability
of new potential therapeutics.

Several SCA3 mouse models have been generated that can be useful for this type of research
(reviewed by Gould **). Most of the mouse models are generated through exogenous gene
expression, i.e. through integration of a human ATXN3 construct in the mouse genome. To
promote an early onset, the mice typically have repeat lengths of over 70 CAGs, and have wide-
spread expression of mutant ataxin-3. Nonetheless, phenotypes between the mouse lines differ,
and mild to severe phenotypes are reported. So far, SCA3 mouse models suggest a correlation
between severity of behavioural abnormalities and presence of ataxin-3 cellular inclusions #. In
our studies investigating the therapeutic potential of AONs, a SCA3 mouse model (M]JD84.2)
containing the human ATXN3 gene with 84 repeats was used *, as the human sequence as
well as introns are required to assess splicing effects. In this mouse model, we did not detect
the behavioural deficits (chapter 5 and 6) which were reported originally *. Correspondingly,
we also did not observe nuclear ataxin-3 inclusions in the brain cells of these mice. We did,
however, detect insoluble ataxin-3 protein using filter trap assays in all brain regions we have
tested thus far (brainstem, cerebellum and cortex) (chapter 5). Further transcriptomic analysis
of brainstem, cerebellum, striatum and cortex revealed that various signalling pathways were
affected (chapter 4). However, in the transcriptomic analysis we showed larger transcriptional
dysregulation in brainstem compared to cerebellum and cortex, whilst the levels of insoluble
ataxin-3 protein was comparable between these brain regions. These observations hint toward
brain region specific effects of mutant ataxin-3 at the transcript level, which may be unrelated
to insoluble ataxin-3 levels. To further establish this relation a recently developed humanized
SCA3 mouse model may thus be useful, though the reported behavioural phenotype appears
mild #. Similarly, a recently developed knock in SCA3 mouse model where 82 CAGs were
inserted into the murine Atxn3 gene also displayed aggregate pathology, but did not present
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with a behavioural phenotype . It hence appears that the SCA3 mouse models most closely
mimicking the human situation in terms of expression level and CAG repeat length, do not

develop reliable motor phenotypes.

ADVANCES IN ANTISENSE OLIGONUCLEOTIDE THERAPEUTICS

In the research described here we have tested AON based therapies for SCA3. AONs have been
used in research settings since the 1960’, but rapid degradation of the phosphodiester bonds
by nucleases rendered these molecules initially unsuitable for therapeutic use. A solution to this
problem was discovered in 1966 by Fritz Eckstein, who introduced the phosphorothioate (PS)
backbone. The PS backbone rendered the AON remarkably resistant to nuclease degradation,
and additionally conveyed protein binding properties favourable for in vivo use . Together,
these properties greatly improved therapeutic viability of the AONs, and the PS backbone is still
one of the most commonly used AON modification to this day **. The second major step forward
in AON modifications came in the form of the sugar group modifications, such as the 2’Ome
and MOE modifications, which enhance target affinity, improve uptake and simultaneously
reduce toxicity *'. The drawback of these sugar group modifications, however, is that they are
incompatible with RNAse-H target degradation *?, thereby impeding desired downregulation
of a target transcript. This issue was subsequently circumvented using the “gapmer” strategy,
where a few nucleotides in the central region of the AON contained unmodified sugar groups,
hence recovering RNAse-H activation **. Making use of these modifications, AONs have proven
a particularly useful molecule for application in the CNS (reviewed in chapter 2). In the research
described in this thesis, we made use of the commonly used phosphorothioate backbone and
both 2’0Ome and MOE modifications. These chemistries resulted in similar potency in cell
culture experiments following transfection, but the 2’0Ome modification resulted in more side
effects and lower potency when infused in the mouse brain, in line with previous reports *.
Since completion of these studies, more recent AON modifications such as 2’Fluoro and Cet
have gained traction, and may offer benefits for future clinical application. The potential of these
latest AON modifications for use in CNS will be discussed below.

Decades of research has resulted in an ever-expanding arsenal of AON modifications, which
together hold exciting potential for clinical use for neurodegenerative disorders.

Bridged sugar ring modifications

Conformational constraints by bridging of the sugar ring of AONSs can achieve similar properties
as the other sugar group modifications; they result in an RNA-like structure, rendering them
insensitive to RNAse-H, and increase nuclease resistance and especially binding affinity **. One
of the older modifications belonging to this category is the locked nucleic acid (LNA) *, but
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more recently the ‘constrained ethyl’ (cET) *” and Tricyclo DNA (tcDNA) * were discovered.
The LNA modifications were confirmed to have increased potency, but suffered from significant
toxicity *”-*. This increased toxicity appears to be a by-product of the high binding affinity,
since hepatotoxicity was shown to be the result of off-target RNA degradation *. Subcutaneous
injections of an LNA modified gapmer AON in a human patient confirmed the toxicity, as
acute kidney injury occurred *. Due to high binding affinity, LNA efficacy typically occurs
at short lengths, such as 13-mers *2. The major advantage of the bridged ring modifications,
their improved binding affinity, hence appears to be their downfall as well due to increased off-
target effects. Compromises using so-called mixmers, where for instance LNA modifications are
alternated with DNA nucleotides have also been designed, and these molecules show promise
for splicing modulation *. In order to circumvent the reported toxicity, these mixmers may thus
prove useful in future clinical application *. Clinical use of cET modified AONs for the treatment
of lung cancer have shown good tolerability up to 3 mg/kg upon intravenous administration,
but encountered dose limiting toxicity at 4 mg/kg likely due to on-target depletion of
STAT3 *. Whether cET AONSs provide additional clinical benefit compared to the other sugar
group modifications thus still remains to be determined. Though already under investigation
for almost two decades *, tcDNA was recently demonstrated to have superior uptake in muscle
tissue, be better tolerated than LNA, and was shown to be able to cross the blood brain barrier
in modest amounts *’. Future clinical trials should comprehensively establish tolerability and
efficacy of these bridged ring AON modifications, as they offer potentially great benefits for AON
efficacy ®. An intriguing possibility is that AONs making use of the older 2’0O-modifications can
be combined with the newer bridged sugar ring modifications, in order to maximise the benefits

of both chemistries in a single molecule.

Other strategies to improve AON efficacy

New strategies to improve the drug like properties of AONs are still being discovered. One
well investigated way to improve the cellular delivery of AONs is by linkage to peptides *.
In spite of the already favorable distribution and cellular uptake of naked AONs in the CNS,
conjugation to peptides may still provide useful properties that improve AON efficacy. Peptides
may for instance be of added value in improving endosomal escape of AONs *°, potentially
providing better access to the nucleus of brain cells. The endosomal escape of the peptides
themselves is currently still a challenging task, however *'. Also, the added benefit of this
strategy is still unclear, since the mechanisms underlying the favorable in vivo cellular uptake
mechanisms of AONSs in the brain are still largely unclear. A second intriguing application of
the peptide conjugates may lie in assisting in the crossing of the blood brain barrier by AON.
Currently, AONs for neurodegenerative disorders are injected intrathecally in order to reach
the brain > . The invasive nature of this procedure as well as the required hospital visits are
a burden for the patients, and efforts are therefore made to generate peptide conjugated AONs
that can cross the blood brain barrier. For instance, a peptide linked splice modulating PMO

for ataxia-telangiectasia showed uptake throughout the mouse brain following intravenous
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injection **. Similarly, an internalizing peptide linked PMO (pip6a-PMO) was recently generated
for potential treatment of spinal muscular atrophy (SMA). Intravenous administration of
the pip6a-PMO showed effective splicing modulation of the SMN2 transcript in both peripheral
as well as CNS tissue of SMA mice *. At present, peptide linked AONs show greater promise
for improving uptake in peripheral tissues, such as muscle, rather than in effective crossing of
the blood brain barrier. Nonetheless, optimization of peptides may in the future yield molecules
capable of crossing the blood brain barrier with better efficiency, potentially warranting systemic
administration of AONs targeting the CNS.

Recently 6 alternative genetic polymers, termed xeno-nucleic acids (XNAs), were generated
based on nucleic acid architectures not found in nature *. These new synthetic polymers can be
applied to other nucleic acid architectures and open new possibilities for incorporation of novel
physicochemical properties of AONs . Since their discovery XNAs have however not been
studied extensively, and their therapeutic potential is thus unclear. Another interesting recent
development is the control of AON chirality. For PS-modified siRNAs, a bias in stereochemistry
during synthesis was noticed, which modulated siRNA activity . An interesting feature of
the PS backbone is that one isomer apparently provides better T and RNAse H activation,
whilst the other isomer is better at improving nuclease stability **. When closely examined for
AON gapmers, controlling PS chirality did not appear to provide benefits over stereo-random
PS AONSs obtained in conventional AON synthesis *. In contrast, a recent study did report
a more durable in vivo response for a specific stereopure gapmer AON ®. A phase 1b/2a clinical
trial (NCT03225833) for HD using a intrathecally injected stereopure AON against a SNP in
huntingtin was started in 2017 by Wave Life Sciences, with the expected completion date in
September 2019.

In 2014, a strategy to incorporate neutral phosphotriester groups into the phosphate
backbone of siRNAs was devised in order to create neutrally charged siRNAs ¢'. Potential
benefit of these molecules include increased serum stability and absence of innate immune
response . Together, the strategies listed above provide new avenues to improve AON drug
like properties through a variety of chemical modifications and synthesis strategies. Benefits for
CNS application of these strategies will first have to be determined in pre-clinical assessments

in rodent and non-human primate experiments.

Recent clinical successes with use of AONs in the central nervous system pave the way for
development of AON based treatments for other neurodegenerative disorders.

Lessons from clinical trials with AONs
The past few years have been a stimulating period in AON research for neurodegenerative

disorders. Synthesis of AONs on a kilogram scale has become affordable, paving the way for
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large clinical application of AONs. The forerunner of AON clinical development in the context
of the CNS is undoubtedly the neuromuscular disorder SMA. An AON based splice modulating
strategy to increase expression of survival of motor neuron (SMN) protein was devised as
a therapeutic strategy for SMA %. Since then, increasing preclinical success in SMA mouse
models have proved the validity of the strategy, and increasingly efficient AONs were developed
to increase SMN protein expression in the CNS . Approximately 10 years after being devised,
the AON based therapy (Nusinersen) was successfully tested through intrathecal injection in
the first phase 1 study with SMA affected children *. An encouraging safety profile and AON
half-life in the CSF of 4-6 months warranted further clinical development of Nusinersen .
Subsequent phase 2 ® and phase 3 ¢ trials have shown unprecedented success in motor
improvement and survival of Nusinersen treated SMA patients. The next landmark event was
approval of the AON, now termed Spinraza, by the food and drug administration (FDA) at
the end of 2016 ¢ and is currently also approved by the European Medicines Agency (EMA).
The story of Spinraza has underlined the fact that AONs are a very promising therapeutic tool
for use in the CNS, and that meticulous preclinical research on AONs and their design can
culminate in clinical success and benefit for patients. The successes obtained in SMA research
open the door for other AON based therapies targeting the CNS to continue development, and

provide hope for patients of several neurodegenerative disorders currently without treatment.

AON AND GENOME EDITING BASED THERAPY FOR SCA3

Following recent clinical successes with AONs for neuromuscular and CNS disorders, it is
useful to consider the possibility of AON based treatment for SCA3 and other polyQ disorders.
However, there are also other gene therapy strategies that can be potentially used for SCA3
treatment. Below, the potential of AONs and other gene therapies for the treatment of SCA3

will be discussed.

Potential of CRISPR/Cas treatment for SCA3

Without a doubt the most revolutionary discovery in genome editing in recent years has
been the clustered, regularly interspaced, short palindromic repeat (CRISPR) technology.
This technology allows RNA-guided nucleases, such as Cas9, to be targeted to specific DNA
sequences. The flexibility in genome editing provided by CRISPR/Cas is a major improvement
over previous technologies, as only a protospacer adjacent motif (PAM) consisting of NGG
nucleotides is required in the target sequence . A guide RNA (gRNA) can be designed to target
the nuclease to the gene of interest, and depending on the specific nuclease or nickase used,
a double stranded break can be introduced to induce non-homologous end joining or activate
the homology directed repair pathways . The system can hence be used to introduce insertions,
deletions or frameshifts to induce gene knockout. In the case of homologous recombination,
a repair template can be provided to introduce a sequence of interest in the target gene. In recent

years a vast number of publications implementing CRISPR/Cas technology in research settings
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have appeared ®. An important question is hence whether this technology can be implemented
in a clinical setting for treatment of hereditary neurodegenerative disorders such as SCA3. Since
CRISPR/Cas targets the DNA, an important advantage of this technology over AONs is that one
time treatment is sufficient to achieve a permanent treatment effect. One immediate difficulty
for CRISPR/Cas in the context of the brain is that homology-directed repair is inefficient in G1
state cells ”°, and hence in neurons. Non-homologous end joining based DNA repair is however
active in post-mitotic cells, and AAV based delivery of Cas9 and guide RNAs in the mouse
brain was successfully used to induce frame-shifts and subsequent protein depletion of several
targets ”!. It is hence possible to achieve gene knockout in vivo in brain cells using this approach.
Interestingly, it was recently shown that non-homologous end joining is a viable strategy for
transgene insertion in neurons as well, opening the way for insertion strategies in neurons 7.
In the case of SCA3, CRISPR/Cas could most easily be implemented to knock down ATXN3
expression. Non-allele specific downregulation of huntingtin was recently achieved through
CRISPR/Cas in a Huntington mouse model, and successfully alleviated symptoms 7. Targeting
of the expanded CAG repeat of ATXN3 directly through CRISPR/Cas does not seem possible at
this time. It may however be possible to target SNPs associated with the mutant ATXN3 allele,
as SNP specific knockout through CRISPR/Cas is feasible 7*. Apart from similar complications
associated with viral delivery as some of the RNAI strategies, the biggest hurdle for clinical
application of CRISPR/Cas is currently the risk of off-target effects. In contrast to AONS,
genome editing is permanent, and the risk of off-target effects is thus an important concern. Off-
target effects of CRISPR/Cas has sparked an ongoing debate in the scientific community, with
contradictive reports appearing > ”°. Nonetheless, improvements in CRIPR/Cas technology as
well as the required delivery methods are continuously being developed, and the technology

undoubtedly shows great promise for future therapeutic use.

AON based downregulation versus exon skipping

In this thesis, we have investigated two exon skipping based treatment strategies for SCA3.
In the first strategy, we attempted to alleviate cleavage induced toxicity by removal of exons
encoding known cleavage sites associated with mutant ataxin-3 toxicity (chapter 3). In the second
strategy, we continued on a previously described exon skipping strategy 7 to remove the CAG
repeat containing exon from ATXN3 pre-mRNA. In the latter strategy, ataxin-3 is truncated just
upstream of the polyQ repeat, resulting in a theoretically non-toxic protein (chapter 5). Among
these two exon skipping strategies, we have concluded that skipping of the repeat containing
exon is undoubtedly the preferred strategy for a number of reasons. Firstly, the cleavage sites
within ataxin-3 that are associated with toxicity are encoded by the two exons that also encode
the ubiquitin interacting motifs (exon 8) as well as the VCP binding site (exon 9). In contrast,
skipping of exon 10 retains ataxin-3 ubiquitin binding function. Secondly, exon skipping of
the CAG repeat containing exon was exceedingly more efficient than skipping of exons encoding
the proteolytic cleavage sites. Thirdly, it is currently still unclear whether removal of the cleavage

sites within mutant ataxin-3 truly alleviates toxicity in vivo. Lastly, in light of future clinical
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application, the use of a single AON against exon 10 is more favourable than the two separate
AON sequences required for removal of the cleavage sites from ataxin-3.

From our studies it is therefore clear that ATXN3 exon 10 skipping is the preferred
therapeutic approach. However, other research groups have shown successful downregulation
of ATXN3 transcripts in vivo by making use of gapmer AONs 7® or through lentivirus delivered
shRNA 7. A comprehensive evaluation of differences between AONs and RNAi based on viral
delivery is beyond the scope of this thesis, but in brief, AONs have an advantage in their delivery
and distribution *, whereas lentiviral or adeno-associated virus (AAV) based delivery of RNAi
molecules have the major advantage of requiring only one time or very infrequent treatments *,
though immune stimulation may be an concern #. Choosing the best RNAi based therapeutic
strategy for SCA3 largely depends on a currently still unanswered question: is downregulation
of ataxin-3 tolerated in the human brain for a prolonged period of time? As described in chapter
1, ataxin-3 downregulation or knockout is tolerated in mice, though protein ubiquitination is
increased *> ®. On the other hand, intracellular signalling and cytoskeletal organisation was
affected in human cell culture experiments upon ataxin-3 downregulation % %. Therefore,
exon skipping based removal of the toxic polyQ tract in ataxin-3 is an interesting treatment
option. Conversely, in vivo exon skipping occurred at higher AON dosages (chapter 5) than
those required for downregulation through gapmer AONs 8. Given these considerations, allele
specific downregulation of mutant ataxin-3 may be a preferable therapeutic approach at this
time, as in this case wild type ataxin-3 remains available to perform cellular functions, whereas
the toxic entity is specifically removed. In this regard, perhaps the most interesting and safest
possibility could be to induce preferential exon skipping of exon 10 of mutant ATXN3 allele by
targeting the CAG repeat, as was serendipitously shown in a large AON screening by Liu and
colleagues *. A potential caveat to this strategy is that the human transcriptome contains many

CAG repeat sequences, and off-target effects may thus occur.

Considerations for clinical implementation of SCA3 AONs

Recent successes in clinical trials for HD and especially SMA point to a promising future for
clinical use of AONs for treatment of a range of neurodegenerative disorders. There are currently,
however, still a few considerations regarding the therapeutic use of AONs. Firstly, clinical trials
with AONs have shown good distribution and efficacy in the brains of SMA affected children,
but no AON distribution data is as of yet available for the adult human brain. However, given that
brain size and CSF flow does not differ greatly between children and adults ¥, it is reasonable to
assume comparable AON distribution and stability in the adult human brain. A second concern
is that the long term effects of exposure of the CNS to AONs are as of yet unclear. Preclinical
studies in animals are always comparatively short in duration, whilst treatment of SCA3 patients
would in principle require repeated AON dosing during several decades. Currently, children
have been treated with the AON drug Spinraza for a period of 15 months, and only adverse
events related to the procedure of intrathecal injection were reported ®. The safety profile of

AONs in the brain thus is currently very promising, but long term side effects of continuous
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treatment cannot be ruled out yet. Similarly, the actual on-target treatment effect of AONs,
such as ataxin-3 protein depletion or truncation through exon skipping, may also induce side
effects in the long term. With regards to exon skipping, the ataxin-3 polyQ domain was recently
shown to be important in regulation of autophagy *, and AON mediated removal could thus
potentially affect cellular function as well. One advantage of AON mediated therapy in this
regard is the fact that an “antidote” complementary AON can be designed in order to bind and
inactivate the treatment AON that is already present in cells ¥. Given the reported AON half-life
of months, this strategy can be useful if side effects related to AON functional effect arise, and
is an advantage over other RNAi and CRISPR/Cas strategies. A last consideration specific to
AON based therapy is the high cost of treatment. Treatment for disorders such as SCA3 should
arguably be started before onset of symptoms, and would thus require repeated dosing during
several decades. With reported costs of Spinraza currently being estimated around €600.000
for the first year and €300.000 for each subsequent year for each patient, insurance companies
may not be capable of covering AON based treatments. Nonetheless, treatment prices will likely
decline in the future and the many advantages of AONs for use in the CNS will likely assure
a place for these molecules in treatment for neurodegenerative disorders.
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Appendix

NEDERLANDSE SAMENVATTING

Spinocerebellaire ataxie type 3 (SCA3) is een erfelijke neurodegeneratieve aandoening waarbij
de symptomen zich meestal tussen het 30° en 50°levensjaar presenteren. Met name de hersenstam
en het cerebellum (de kleine hersenen) worden aangetast tijdens het SCA3 ziekteproces. Met een
incidentie van ongeveer 1:100.000 is SCA3 vrij zeldzaam, maar komt wel over de gehele wereld
voor. SCA3 is uiteindelijk fataal en er is momenteel geen medicijn dat de ziekte kan vertragen
of voorkomen. Het onderzoek beschreven in dit proefschrift is gericht op het onderzoeken van
antisense oligonucleotiden (AONS) als potentiéle behandeling voor SCA3.

In hoofdstuk 1 worden de ziekte veroorzakende mechanismen van SCA3 beschreven. SCA3
behoort tot de zogenaamde polyglutamine (polyQ) aandoeningen, welke veroorzaakt worden
door eenzelfde soort verandering: een verlenging van een CAG herhaling in de coderende
regio van een gen. Bij SCA3 ligt de verlengde CAG herhaling in het ATXN3 gen en is deze
verlengd tot meer dan 50 herhalingen. De CAG herhaling in het DNA wordt in de cel vertaald
naar een glutamine aminozuur in het ataxine-3 eiwit. Het veranderde ataxine-3 eiwit zorgt
met name in hersenencellen voor problemen, welke zich uiteindelijk manifesteren als de
symptomen van SCA3. De exacte manier waarop het mutante ataxine-3 eiwit in de cel voor
toxiciteit zorgt is nog niet achterhaald, maar er zijn wel een aantal mechanismen bekend. Zo
is ontdekt dat het mutante ataxine-3 eiwit door enzymen in de cel wordt geknipt waardoor
korte eiwitfragmenten, die de polyQ regio bevatten, vrijkomen. Deze korte eiwitfragmenten zijn
schadelijker voor cellen dan het volledige ataxine-3 eiwit en spelen dus mogelijk een belangrijke
rol bij het veroorzaken van de cellulaire toxiciteit. Daarnaast is bekend dat er in hersencellen
van SCA3 patiénten ataxine-3 eiwitklonten ontstaan. Het is momenteel niet duidelijk of deze
eiwitklonten bijdragen aan toxiciteit in de hersencellen, of dat de eiwitklonten juist ontstaan
ter bescherming van de cel. Verder is gebleken dat mutant ataxine-3 leidt tot verstoring van
de eiwitafbraak in de cel, door inhibitie van het proteasoom en autofagie, wat dus ook bij kan
dragen aan de ophoping van ataxine-3 eiwitklonten.

Omdat SCA3 wordt veroorzaakt door een bekende genetische verandering, is de aandoening
een goede kandidaat voor genetische therapieén. Een van de genetische therapieén waarvan
de Kklinische toepassingen in de laatste jaren grote ontwikkelingen heeft doorgemaakt zijn
de antisense oligonucleotiden (AONSs). In hoofdstuk 2 worden deze moleculen uitgebreid
besproken in de context van het centrale zenuwstelsel. Het grote voordeel van het behandelen
van het centrale zenuwstelsel met AONs is dat deze moleculen goed worden opgenomen
door hersencellen en tevens maanden aanwezig en actief blijven in de cel. AONs bestaan
uit kunstmatige stukjes DNA of RNA, welke op verschillende manieren met RNA kunnen
interacteren. Zo kunnen AONs een bepaald RNA in de cel laten afbreken zodat het eiwit dat
hieruit gecodeerd wordt, niet meer gevormd wordt. In dit proefschrift wordt echter onderzoek
gedaan naar een AON toepassing waarbij de splicing van het RNA wordt beinvloed. Bij het
proces van splicing wordt bepaald welke exonen (de coderende regio’s van het DNA) worden

vertaald naar eiwit. AONs kunnen de splicingsignalen in exonen maskeren, zodat dit exon uit
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het RNA wordt gespliced. Deze techniek, het zogenaamde exon skippen, kan er zo dus voor
zorgen dat vorming van bepaalde eiwitregio’s wordt voorkomen.

In hoofstuk 3 hebben we een AON gebaseerde exon skip strategie onderzocht die erop
gericht is om het enzymatisch knippen van ataxine-3 in de cel te verminderen. Wanneer het
mutante ataxine-3 namelijk niet meer geknipt wordt, zullen de toxische polyQ fragmenten
van ataxine-3 niet meer vrijkomen. Om dit teweeg te brengen, hebben we AONs ontworpen
tegen exon 8 en 9 van het ATXN3 gen, welke de toxische proteolytische kniplocaties in het
ataxine-3 eiwit coderen. AON gemedieerde skip van exon 8 en 9 leidde inderdaad tot vorming
van het verwachte gemodificeerde ataxine-3 eiwit. De AON efficiéntie was echter laag,
dus de functionele tests met het gemodificeerde eiwit zijn met constructen en gezuiverd
eiwit productie technieken onderzocht. Uit proteolytische reacties met caspase en calpaine-2
enzymen bleek dat het gemodificeerde ataxine-3 eiwit inderdaad resistenter was voor caspase
degradatie, maar er werd geen effect op calpaine-2 proteolyse van ataxine-3 vastgesteld. Uit dit
onderzoek concluderen we dan ook dat het skippen van exon 8 en 9 van ATXN3 waarschijnlijk
geen goede therapeutische strategie is.

Voordat AON gebaseerde therapeutische strategieén getest kunnen worden in patiénten,
moet de validiteit van de aanpak eerst bewezen worden in diermodellen. Het eerste testmodel
hiervoorisveelal een transgene muis en in hoofdstuk 4 is dan ook een transgeen SCA3 muismodel
onderzocht. Dit muismodel is reeds in 2001 gegenereerd en bevat het volledige humane
ATXN3 gen met 84 CAG herhalingen. Om het moleculaire ziekteproces van dit muismodel
in kaart te brengen, hebben we gebruik gemaakt van een multi-omic aanpak. Hiervoor zijn
verschillende hersenregio’s en bloedmonsters van de muizen geisoleerd en onderzocht door
middel van RNA sequencing. Met RNA sequencing kan worden vastgesteld welke genen anders
tot expressie komen door toedoen van het mutante ataxine-3 eiwit. Uit deze analyses bleek
dat het striatum en de hersenstam veel genexpressie veranderingen lieten zien in de transgene
SCA3 muizen, terwijl in cortex en cerebellum relatief weinig expressie verschillen plaatsvonden.
De betrokken genexpressie veranderingen wijzen op aangetaste CREB en a-adrenergische
signaling pathways. Deze twee pathways hebben een belangrijke rol in het functioneren van
neuronale cellen en zouden dus deels ten grondslag kunnen liggen aan het SCA3 ziekteproces.
Deze signaling pathways waren echter niet sterk genoeg aangetast om te leiden tot motorische
evenwichtsproblemen in de muizen.

De transgene SCA3 muis is in hoofdstuk 5 gebruikt voor het testen van een AON gebaseerde
therapie waarmee de toxische polyQ regio uit het ataxine-3 eiwit wordt verwijderd. Hiervoor
werden een viertal AONs ontworpen om exon 10 van het ATXN3 gen te skippen. Door het
skippen van dit exon wordt de toxische polyQ regio uit ataxine-3 verwijderd, echter zorgt het
ook voor een frameshift waardoor een stopcodon wordt geintroduceerd. Het ataxine-3 eiwit
dat uit dit gemodificeerde transcript wordt gevormd (ataxine-3 A C-terminus) is dus verkort
en bevat geen polyQ regio meer. Ataxine-3 A C-terminus zal dan ook naar verwachting niet
toxisch zijn voor cellen. De meest efficiénte AON (10.4) werd herhaaldelijk in het laterale
hersenventrikel van de SCA3 muizen geinjecteerd. Uit analyse van het hersenweefsel van
de muizen behandeld met AON 10.4 bleek dat de AON aanwezig was in alle hersenregios. Ook
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het behandeleffect, zijnde vorming van het ataxine-3 A C-terminus eiwit, werd aangetroffen in
alle geteste hersenregio’s. Behandeling met AON 10.4 resulteerde in verminderde hoeveelheid
onoplosbaar ataxine-3, alsmede verminderde ataxine-3 lokalisatie in de celkern. Aangezien
beide processen kenmerken zijn van ataxine-3 toxiciteit, lijkt exon 10 skippen een veelbelovende
behandeling voor SCA3 te zijn.

AONs kunnen gemaakt worden met verschillende chemische modificaties. Uit verschillende
pilot experimenten in ons lab is gebleken dat 2’0Ome gemodificeerde AONs minder goed worden
verdragen in de muizenhersenen dan MOE gemodificeerde AONs (zoals gebruikt in hoofdstuk
5). Om deze reden hebben we in hoofdstuk 6 door middel van een RNA sequencing aanpak
onderzocht welke processen ten grondslag liggen aan de bijwerkingen van 2’0Ome AONSs in
muizenhersenen. In de hersenen van muizen behandeld met de 2’0Ome AON was een duidelijke
verhoogde expressie van immuunsysteemgenen waar te nemen, met name in het striatum.
Daarnaast bleken de twee celtypes die belangrijk zijn voor een immuunreactie in de hersenen,
microglia en astrocyten, geactiveerd te zijn in reactie op aanwezigheid van de AON. Uit deze
studie valt dan ook te concluderen dat 2’0Ome AONSs leiden tot activatie van het immuunsysteem
in muizenhersenen, wat wellicht een deel van de bijwerkingen verklaart.

In dit proefschrift hebben we aangetoond dat AONs veelbelovende eigenschappen hebben
voor mogelijke behandeling van SCA3. In hoofdstuk 7 worden de resultaten uit dit proefschrift
besproken en gerelateerd aan de huidige kennis m.b.t. AON onderzoek en klinische trials.
In dit proefschrift wordt beschreven dat exon skippen van het CAG-bevattende exon in
ataxine-3 haalbaar is in hersencellen van een muis. Echter hebben andere onderzoeksgroepen
gedemonstreerd dat het downreguleren van ataxine-3 met AONs eveneens mogelijk is. In
tegenstelling tot exon skippen zorgt downregulatie ervoor dat het ataxine-3 eiwit in het geheel
niet gevormd wordt. Het voordeel van exon skippen is dat de ataxine-3 eiwitfunctie behouden
blijft, terwijl het voordeel van de downregulatie is dat er lagere concentraties AON nodig lijken
te zijn voor een efficiént therapeutisch effect. Er wordt momenteel ook onderzoek gedaan naar
andere genetische therapieén voor SCA3, zoals bijvoorbeeld ataxine-3 downregulatie door
middel van viraal toegediende microRNAs. Ook lijkt CRISPR/Cas gemedieerde knockout een
veelbelovend toekomstperspectief te hebben voor SCA3 behandeling. Het voordeel van dit soort
viraal toegediende behandelingen is dat deze slechts eenmalig, of in ieder geval erg infrequent,
geinjecteerd moeten worden. AON gemedieerde behandelingsstrategieén hebben echter het
voordeel dat distributie via intrathecale injectie in de hersenen erg goed is. Daarnaast wordt erg
veel onderzoek gedaan naar chemische modificaties van AONs, welke de pharmacokinetische
en -dynamische eigenschappen aanzienlijk verbeteren. In de klinische trials voor spinale
musculaire atrofie blijken AONs goed verdragen te worden in het centrale zenuwstelsel van
mensen en de uitermate hoopgevende resultaten hebben dan ook geleid tot goedkeuring van het
medicijn (Spinraza) in Amerika en Europa. Deze resultaten duiden dus op een goed perspectief

voor toepassing van AONs in andere neurodegeneratieve aandoeningen zoals SCA3.
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antisense oligonucleotiden voor SCA3 en de ziekte van Huntington.
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